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BRIEF OUTLINE OF RESEARCH FINDINGS 
During the first six months of this grant, spectroscopic measurements of 
atmospheric constituents have been initiated. These measurements are being 
performed in a waveguide cell to obtain data on the linewidth parameter of 
molecules and in a semi-confocal Fabry-Perot interferometer to obtain data 
in the the transmission windows of atmospheric water vapor. Procedures have 
been established to compute the line shape of individual molecules with theo-
retical line shapes. During this initial period, computer programs have been 
prepared to compare experimental line shapes with theoretical line shapes. 
The program can employ one or more lines for computation of pressure broadening 
effects. For transmission in the atmospheric windows, computer programs have 
been prepared to use 16 or more lines up to the total tabulated by AFCRL. 
Papers have been presented at the San Juan Submillimeter Wave Conference 
on the spectroscopic studies. 
Submillimeter receiver work has been started during this initial 6-months. 
Observations have been performed with an optically-pumped laser as local 
oscillator. Severe local oscillator power limitations have been experienced 
in attempts to achieve good receiver sensitivity. Work is currently under way 
to improve the local oscillator output power. Quasi-optical techniques for 
coupling local oscillator and input signals to the receiver are being developed. 
Open structure mixers and Fabry-Perot resonator schemes are being employed to 
improve coupling mechanisms. Subharmonic mixing which can provide improvement 
in noise over fundamental mixing is being investigated. This technique allows 
the use of low frequency klystrons as local oscillators. 
Reflectivity measurements have been performed on materials of importance 
to background clutter in military systems. These preliminary measurements, 
using a Fourier spectrometer, will be continued and extended to longer wave-
lengths. 
A bibliography has been assembled on relativistic electron beam sources. 
Design of a small gyrotron is now being started. 
Abstracts of papers presented at the Second International Conference 
and Winter School on Submillimeter Waves and Their Applications are listed 
below. 
Papers Presented at Second International Conference and Winter School 
on Submillimeter Waves and Their Applications, December 6-11, 1976, 
San Juan, Puerto Rico. 
1. G. T. Wrixon and M. D. Blue, "Materials for Low Noise Schottky-
Barrier Converters at Submillimeter Wavelengths," Paper Tu-2-3. 
2. R. W. McMillan, J. J. Gallagher and G. T. Wrixon, "Fabry-Perot 
Spectroscopy of the Water Molecule in Submillimeter Atmospheric 
Windows," Paper W-1-3. 
3. R. W. McMillan, J. J. Gallagher and A. M. Cook, "Calculations of 
Antenna Temperature and Horizontal Path Attenuation Due to the 
320 GHz Absorption Line of Water Vapor," Paper W-1-6. 
4. B. Bean, S. Perkowitz, M. D. Blue and J. J. Gallagher, "Charac-
teristics of a Submillimeter Optically Pumped Laser-Receiver 
System," Paper Th-4-6. 
5. J. J. Gallagher, W. M. Penn and G. T. Wrixon, "Submillimeter 
Pressure Broadening Measurements," Paper F-1-3. 
6. M. D. Blue and S. Perkowitz, "Reflectivity of Common Materials 
in the Submillimeter Region," Paper S-3-4. 
7. R. W. McMillan, R. G. Shackelford, M. D. Blue and J. J. Gallagher, 
"Submillimeter Wave Propagation Studies - A Comparison with Other 
Spectral Regions," Paper S-3-5. 
Papers 3 and 6 have been submitted and accepted for publication in 
a Conference issue of the June Transactions of the S-MTT. 
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Related papers presented by EES/Georgia Tech Staff but not sponsored 
by ARO: 
1. J. J. Gallagher and W. M. Penn, "Extension of Electric Resonance 
Spectroscopy to the Submillimeter Wavelength Region," Paper F-1-6. 
2. R. E. Cupp and J. J. Gallagher, "Stark Measurements of H 2S in the 
Millimeter/Submillimeter Wavelength Region," Paper F-1-9. 
3. G. T. Wrixon (consultant), "Submillimeter Mixers," Paper Th-4-1. 
4. R. W. McMillan and J. B. Langley, "Analysis of Submillimeter Wave 
Fabry-Perot Interferometers Made of Four Wire Grids," Paper Tu-1-6. 
5. R. W. McMillan, R. G. Shackelford and J. J. Gallagher, "Application 
of Submillimeter Wave Techniques to Isotope Separation," Paper M-2-4. 
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SUBMILLIMETER WAVE PROPAGATION STUDIES - 
A COMPARISON WITH OTHER SPECTRAL REGIONS 
R. W. McMillan, R. G. Shackelford 
M. D. Blue and J. J. Gallagher 
Georgia Institute of Technology 
Atlanta, Georgia 
Simultaneous propagation measurements at visible, IR, 
submm and mm wavelengths provide important: information for 
operation in inclement weather. A program performing these 
measurements and the meteorologically instrumented range 
which is used are described. Initial. measurement results 
are presented. 
FABRY-PLROT SPECTROSCOPY OF THE WATER MOLECULE 
IN SUBMILLIMETER ATMOSPHERIC WINDOWS 
R. W. McMillan and J. J. Gallagher 
Georgia Institute of Technology 
Atlanta, Georgia 
and 
G. T. Wrixon 
University College 
Cork, Ireland 
A description is given of measurements being performed on 
water molecule in the submillimeter atmospheric transmission 
windows at 0.75 mm, 0.85 mm and 1.3 mm by the use of a high Q 
Fabry-Perot interferometer. Comparison is made with theory 
and existing related measurements. 
5 
STARK MEASUREMENTS OF H 9 S IN THE 
MiLLIMETER/SUBMILLIMETER WAVELENGTH REGION 
R. E. Cupp 
• Atmospheric Spectroscopy Laboratory 
National Oceanic and Atmospheric Administration 
- 	Boulder, Colorado 
and 
J. J. Gallagher • 
Georgia Institute of Technology 
Atlanta, Georgia 
A parallel plate Stark cell has been used for measurements 
on millimeter and suhmillimeter wave transitions of the hydrogen 
sulfide molecule. With this cell and phase locked sources, high 
precision values for molecular dipole moments are achieved. 
EXTENSION OF ELECTRIC RESONANCE 
SPECTROSCOPY TO THE SUBMILLI.METER 
WAVELENGTH REGION 
J. J. Gallagher 
and 
W. M. Penn 
Georgia Institute of_TechnolOgy 
Atlanta, Georgia, 
The requirements for the performance of molecular beam electric 
resonance experiments at wavelengths shorter than one millimeter are 
discussed. Examples relevant to current experiments arc presente0, 
and comparisons made with millimeter and near TR experiments. 
6 
CHARACTERISTICS OF A SUBMILLIMETER OPTICALLY 
PUMPED LASER--RECEIVER SYSTEM 




M. D. Blue and J. J. Gallagher 
Georgia Institute of Technology 
Atlanta, Georgia 
The characteristics of a superheterodyne receiver with an 
optically pumped laser local oscillator and Schottky barrier diode 
mixer are presented. Noise figure measurements for receivers in the 
0.5 mm wavelength region and comparison with - klystron harmonical 
mixer receivers are discussed. 
APPLICATION OF SUBMILLIMETER WAVE 
TECHNIQUES TO ISOTOPE SEPARATION 
R. W. McMillan, R. G. Shackelford 
and J. J. Gallagher 
Georgia Institute of Technology 
Atlanta, Georgia 
Techniques for the use of high energy submillimeter oscil]ators 
in isotope separation experiments are discussed. Frequency up— 
conversion of submillimeter signals to the spectral regions of 
interest by resonance enhanced mixing in molecular gases is described. 
CALCULATIONS OF ANTENNA TEMPERATURE AND 
HORIZONTAL PATH ATTENUATION DUE TO THE 
320 GHz ABSORPTION LINE OF WATER VAPOR 
R. W. McMillan 
J. J. Gallagher 
A. M. Cook 
Engineering Experiment Station 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
Abstract 
The results of calculations of antenna temperatures due to 
emission, and due to the sun as a source, for the 320 GHz line of 
water vapor are given, along with results of horizontal path 
attenuation calculations. 
ANALYSIS OF SUBMILLIMETER WAVE FABRY-PEROT 
INTERFEROMETERS MADE OF FOUR WIRE GRIDS 
R. W. McMillan 
J. B. Langley 
Engineering Experiment Station 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
Abstract 
Matrix equations for phase and polarization dependent trans-
mission and reflection of microwaves of arbitrary polarization 
by Fabry-Perot interferometers, made of two identical pairs of 
wire grids, oriented at arbitrary angles, are derived. 
8 
SUBMILLIMETER PRESSURE BROADENING MEASUREMENTS 
J. J. Gallagher 
W. M. Penn 
Georgia Institute of Technology 
Atlanta, Georgia 
and 




Pressure broadening measurements on symmetric, asymmetric, 
and linear polyatomic molecules in the 0.5-1.0 mm wavelength 
region are described. Both self-broadening and foreign gas 
broadening effects are discussed. Comparison with longer and 
shorter wavelength measurements is treated. 
SUBMILLIMETER MIXERS 




Mixer performance at submillimeter wavelengths is currently 
limited by insufficient LO pump power. The use of subharmon-
ically pumped mixers incorporating low capacitance diodes appears 
to offer a solution. 
9 
REFLECTIVITY OF COMMON MATERIALS IN 
THE SUBMILLIMETER REGION 
M. D. Blue 







The appearance of an illuminated scene at submillimeter 
wavelengths is determined by surface reflectivity. Reflec-
tivities of some man-made and natural materials have been 
measured. The results provide some insight for evaluating 
possible applications of submillimeter radiation. 
MATERIALS FOR LOW NOISE SCHOTTKY BARRIER 
CONVERTERS AT SUBMILLIMETER WAVELENGTHS 




M. D. Blue 
Georgia Institute of Technology 
Atlanta, Georgia 
Abstract  
The prospects for realization of low noise coherent detec-
tors in the 25 pm - 100 pm region are critically assessed. Use 
of high efficiency Schottky-barrier converters can be extended 
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1 
BRIEF OUTLINE OF RESEARCH FINDINGS 
Investigations on atmospheric constituents have continued, mainly 
in a semi-confocal Fabry-Perot interferometer. The experimental apparatus 
has been assembled for both the Fabry-Perot interferometer and the wave-
guide cell systems. Measurements with the waveguide cell have been delayed 
owing to failure of millimeter wave klystrons. Two klystrons are currently 
on order to allow measurements to continue. 
Receiver/mixer investigations have continued. An optically pumped 
laser has been assembled and operated. This device will serve as a local 
oscillator. A quasi-optical mixer, diplexer and associated components have 
been constructed. The quasi-optical mixer is an open structure device with 
the L.O. and signal fed to the device at right angles. The diplexer is a 
polarization interferometer scheme employing linear grids and corner reflec-
tors. 
The appendices of this report outline in greater detail the tasks 
currently being performed, planned future work and Army technology which 
this program is supporting. 
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APPENDICES 
I. Introduction  
The appendices which are given here outline the various tasks which 
are being performed on this grant or present information relevant to the 
performance of these tasks. The following briefly states the subjects, 
with related notes, that constitute the Appendices: 
I. Calculations of Antenna Temperature, Horizontal Attenuation, and 
Zenith Attenuation Due to Water Vapor in the Frequency Band 150 - 700 GHz, 
R. W. McMillan, J. J. Gallagher and A. M. Cook, IEEE Trans. MTT, MTT-25, 
No. 6, pp. 484-488, June 1977. This paper was presented at the Second 
International Conference and Winter School on Submillimeter Waves and 
Their Applications, December 6 - 10, 1976 and was published in the June, 
1977 issue of the Transactions of Microwave Theory and Techniques. The 
calculations are based on the monomer water vapor and have not included 
the continuum term which is necessary for agreement with measurements. 
This continuum absorption is analytically expressed by the term given by 





1.08 x 10 
P 	-1 (300) 2 ' 1( ) v 2 cm 
 p -T- 	1000 
where v is the frequency, p is the water-vapor density in grams per meter 
cubed, P the total pressure (millibars) and T is the temperature. 
Variations of the computer program exist and are briefly described 
after the paper in Appendix I. It is necessary, as emphasized above, to 
add the continuum to the results of the paper, and this has been done in 
the programs which currently exist. The programs are being used for radio-
metric and propagation studies. 
II. "Reflectivity of Common Materials in the Submillimeter Region", 
M. D. Blue and S. Perkowitz, IEEE Trans. MTT, MTT-25, No. 6, pp. 491-493 
(June, 1977). This paper was also presented at the Submm Conference. As 
part of this program, it is planned to extend the reflectivity measurements 
to longer wavelengths beyond 1 mm. A comparison of these measurements 
3 
should be made with monochromatic source reflectivity measurements as a 
function of angle of incidence to provide information relevant to systems 
applications. 
III. The third appendix describes a computer program for atmospheric 
vapors which has been prepared to handle the spectroscopic data which is 
being gathered on this grant. The program allows the use of any line 
shape at all pressures up to atmospheric pressure. It can be employed 
with both the interferometric measurements and the waveguide cell measure-
ments. The latter will assist in line-shape/line width determinations, 
and the large interferometer will provide data in the window regions. The 
computer program has been modeled after the near-IR AFCRL programs. 
IV. An important part of this program is research on mixer and receiver 
technology which is important for Army systems applications in the sub-
millimeter wavelength region. This work includes investigation of suitable 
materials for extending Schottky-barrier mixers to shorter wavelengths. A 
paper was presented by M. D. Blue and G. T. Wrixon at the Second Submm 
Conference. The material presented is given as Appendix IV. This work 
can be summarized by the following abstract: 
ABSTRACT  
The potential for extending efficient low noise Schottky-barrier con-
verter operation into the submillimeter region is examined. Operating tem-
peratures in the 20 °K to 60°K region are desired for minimum noise. High 
mobility semiconductors with a reduced carrier concentration in the metal-
semiconductor barrier depletion region are desired in order to minimize 
parasitic loss. An excellent choice appears to be InSb with a potential cut-
off frequency of 20 THz. 
V. Submillimeter wave components which are being investigated include 
mixers, receivers, local oscillators, filters and various quasi-optical 
components. A brief description is given of this work in Appendix V. 
VI. The apparatus employed for spectroscopic investigations is described 
in Appendix VI. The experiments consist of Fabry-Perot interferometer 
observations, waveguide cell studies and Stark effect measurements. 
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APPENDIX I 
Calculations of Antenna Temperature, Horizontal 
Path Attenuation, and Zenith Attenuation Due 
to Water Vapor in the Frequency 
Band 150-700 GHz 
R. W. McM1LLAN, J. J. GALLAGHER, SENIOR MEMBER, IEEE, AND A. M. COOK, JR., STUDENT MEMBER, IEEE 
Abstract— The results of calculations of antenna temperature at 
zenith. both with and without the sun viewed as a source, are given. 
Horizontal path and total zenith attenuation are also calculated. Each 
of these calculations was made over the frequency band 150-700 GHz, 
:r.g data from the 24 water-absorption lines between 150 and 1000 GHz. 
I. INTRODUCTION 
MOLECULAR RESONANCES of atmospheric water vapor have been studied for many years because 
this gas makes the major contribution to attenuation of 
microwaves and infrared radiation by the atmosphere. 
Many of these lines are very strong, with horizontal-path 
attenuations that exceed 10 4 dB/km, and exhibit strong 
pressure-broadening effects, so that attenuation is ap-
preciable at frequencies several gigahertz removed from the 
center frequencies of the lines. The effects of these lines 
extend generally through the millimeter/submillimeter 
portion of the microwave spectrum, being most pronounced 
between about 2000 and 10 pm. These absorptions make 
large portions of the submillimeter spectrum useless for 
communications or astronomical observations. However, 
the usefulness of these strong lines for remote sensing of the 
atmosphere from airborne, satellite, and ground-based 
stations is just beginning to be realized. 
This paper presents the results of calculations of radio-
metric antenna temperatures at zenith, both with and 
without the sun viewed as a source. Calculations of horizon-
tal path and total zenith attenuation are also given. The 
range of frequencies covered by these calculations is 
I50-700 GHz. Since the skirts of the water-vapor absorption 
lines extend to frequencies far removed from their center 
frequencies, all 24 lines in the frequency range 150-1000 
GHz were considered in the calculations. The effects of 
oxygen and ozone were not included because the contri-
butions of these molecules are considered to be negligible 
over the frequency range of interest for ground-based 
observations. Furthermore, absorptions due to the water 
dimer and the continuum were not treated because there 
exists no firm analytical basis for their inclusion in a 
calculation of this sort. For these reasons, more detailed 
calculations are required for specific system applications 
Manuscript received December 21, 1976; revised January 17, 1977. 
'This work was supported by NASA Grant NSG-5012 and by the 
U.S. Army Research Office under Grant DAAG29-76-G-0280. 
The authors are with the Engineering Experiment Station, Georgia 
Institute of Technology, Atlanta, GA 30332.  
over limited wavelength ranges. The calculations of hor-
izontal attenuation show good aereement with the results of 
Zhevakin and Naumov 
II. ABSORPTION CALCULATIONS 
Van Vleck and Weisskopf [2] have shown that the 
attenuation coefficient a, at frequency v. for a collision-
broadened absorption line centered at frequency v u , with 
linewidth parameter r, is given by 
8rr 2 Nniiii 2 v 2 exp (—E i lkT) 
a — 	  F(v) 	(11 
3ckTG 
where the other parameters are determined as discussed 
below. The parameter N is the number of molecules per unit 





in which N A is Avogadro's number, p is the density of 
molecules, and M is the number of grams in a gram 
molecular weight. For water, this number is N = 3.346 x 
10 16 p, where p is measured in grams/cubic meter.. The 
factor lifj 2 is the square of the dipole matrix element 
between transition states and is equal to 1:101 2 ,i4 0 2 , where 
po 2 is the electric dipole moment. The factor 1.- 101 2 is the 
line-strength parameter determined by King et al. [3], and 
14, 2 is 3.39 x 10 -36 ESU from Van Vleck [4]. The 
statistical weighting factor n which accounts for nuclear 
spin is unity [5] for even rotational states and 3 for odd 
rotational states. In the exponential term, Ei is the energy 
of the lower transition state, k is Boltzmann's constant, 
T is the absolute temperature at which the attenuation 
measured. The partition function G has been calculated by 
Van Vleck [4] to be 170 at 293 K and varies with temper-
ature as 
G = KT 3 / 2 . 	 (3) 
Evaluation of the constant K from the previous values gives 
G = 0.03397' 312 . 
For these calculations, the line-shape factor F(v) was 
replaced by a factor calculated by Gross [6], which has been 





v 2)2 + 4 1,26,v 2 
4vv o Av 	
(4) 
in which the parameters are defined as before. 
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Fig. 1. Altitude dependence of water-vapor density for sea-level 
density of 7.5 g/m 3 . 
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Fig. 2. Altitude dependence of air temperature for sea-level tempera- 
ture of 300 K. 
Since radiometric calculations must include the effects of 
altitude, the altitude dependence of terms in (1) must be 
considered. The density varies with altitude according to a 
relation given by Croom [7], [8], who based his altitude 
dependence on U.S. Weather Bureau data. This dependence 
is shown plotted in Fig. I. 
Barrett and Chung [9], based on U.S. Air Force data, 
give the altitude-dependent temperature profile shown in 
Fig. 2, and the pressure dependence as 
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Fig. 5. Antenna temperature viewing the sun as a source at zenith 
from sea level. 
1 
	 1 1 	I 
Also from Barrett and Chung, the linewidth parameter is 
vo — 760 (1 + 0.0046p) 
T  0.625 
318)  
where Ay, is the linewidth parameter at P = 760 mm and 
T = 318 K for small p. 
Using these parameters with the indicated altitude, 
density, and temperature dependence, the attenuation in 
decibels/kilometer due to contributions from all of the 
water absorption lines below 1000 GHz was calculated in 
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Fig. 6. Total zenith attenuation from sea level. 
the frequency range from 150 to 700 GHz. The result of this 
calculation at sea level is shown in Fig. 3. 
111. SKY-TEMPERATURE CALCULATIONS 
The background sky temperature Th, measured by a 
radiometer at altitude h with an infinitesimally narrow 
beamwidth looking upward at zenith angle 0, is [6]-[8] 
T, exp — 	cr(Z) sec 0 dZ) + 	a(Z )7-(Z) 
exp I — J (Z') sec 0 dZ') sec 0 dO (7) 
in which T, is the sun temperature, and T(Z) is the tem-
perature of a stratum of atmosphere of thickness dZ located 
at altitude Z. In this equation• the first term is seen to he the 
brightness of the sun as viewed through the atmosphere, 
and the second term is the emission of the atmosphere. The 
sum of these two terms is the temperature that would he 
measured if the sun were viewed as a source through the 
atmosphere. Using the value of a given by (I), this equation 
was integrated numerically up to an altitude of 50 km. In 
order to get good accuracy and minimize computer time, 
the stratum width was varied as follows: 
The computer was programmed to read out emission 
temperature of the atmosphere, which is the temperature 
that would be measured by a radiometer pointing away 
from the sun; sky temperature, measured when the sun is 
viewed as a source; and zenith attenuation. The contri-
butions of all of the water absorption lines between 150 and 
1000 GHz to these temperatures were included in the 
calculations. The result of calculating emission temperature 
with the antenna pointing to the zenith is shown in Fig. 4. 
Emission temperature calculated with the sun viewed as a 
source is shown in Fig. 5, and total zenith attenuation is 
shown in Fig. 6. 
1V. CONCLUSIONS 
Calculations of attenuation and emission temperatures 
due to water vapor in the atmosphere have been made 
between 150 and 700 GHz. Attenuation curves show 
windows at 230 and 400 GElz, and strong absorption 
elsewhere within this frequency band. Antenna temperature 
curves show no structure above 450 GHz, but strong 
structure due to the 183- and 325-GHz lines is evident at 
the lower frequencies. This result shows that the atmosphere 
appears to be a black body at near-ambient temperature at 
the peaks of the strong absorption lines and at frequencies 
greater than 450 GHz. 
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Description: This program calculates horizontal atmospheric attenu-
ation in db/km for up to 25 lines (of a single species) at 1000 points. 
The attenuation at each point is the composite attenuation of all lines 
at that point. The program uses a Gross line shape, and additional points 
and lines may be added with slight modification, if desired. The 1000 
points are spaced 5 GHz apart away from the line peaks and 1 GHz near 
line peaks. An optional mode allows the selection of 0.1 GHz spacing if 
desired. 
Inputs: The program is designed to prompt the user for the desired input 
when used on a terminal. Inputs required are begin frequency, end fre- 
quency, water vapor density in gm/m
3 
(RHO 0), altitude (Z), and ambient 
temperature in degrees kelvin (AMBT). Additional inputs required for each 
line are lower state energy (ergs) divided by Boltzmann's constant in ergs/ 
deg K, the line strength parameter multiplied by the statistical weighting 
factor (1 or 3 for water), the line width parameter, and the center fre-
quency. 
Program MULTI 
Description: This program calculates sun temperature viewed through at-
mospheric attenuation, (no atmospheric emission), zenith antenna temperature 
both with and without the sun as a source, and total zenith attenuation. 
The program integrates contributions from 2500 layers of progressively 
increasing thickness to obtain these values. Other features are the same 
as 2HORZA above. 
10 
Program MULTI (cont'd)  
Inputs: Inputs are the same as 2HORZA except that zenith angle (THET) and 
initial layer number or altitude (INIT) are also required. 
11 




ED 1.1. 77/04/25.- 16.24.58. 
U 	T-ENP* 
D 	  PROGRAM MAIN (INPUTFOUTPUT,TAPE5 = INPUT.TAPE6 = OUTPUT) 
DIMENS1UN UNU(10-005J- TEMP -(2500-YiANTPC1000), 	  
3 	&LNWIDTH(25).CENTERY(25),IENERGY(25),ASUM(1000) 
4 ..5TRNtHi2b).1E1E3TID007 	 




9 C 	PREDICTED ANTENNA TEMPERATURE CALCULATIONS 
10-- L CONSIDERTWG-MUCTIPLE ABSORPTION LINES 	 
11 C 	 VERSION 1.1 
13 C 	R. W. MCMILLAN AND A. M. COOK, JR. 
14--C ENaINEERING EXPERIMENT STATION 





-1-N-T ARAMET 	r ERS 
19 PRINTWENTER NUMBER OF LINES:', 
	20 READ(5r.t) 	NLI-NEZ 	  
21 PRINTW.1 GHZ SPACING AROUND CENTER FREQUENCIES", 
Era 	KE-AD(ZT-1=61--ANS--- 
23 	1006 FORMAT(A10) 
HYESTOR7A NS :ED -.21-1YE; OR . ANS . E0 .11-1Y) GO-TO-- 85- 
25 	 IF(ANS.EQ.2HNO.OR.ANS.EQ.1HN) GO TO 86 
	26 FRTNT*, --PtEASE ENTER -YES OR NOI 
27 GO TO 88 
28 	85-TENTM=7TRUE. 	  
29 GO TO 87 
	8t-TWTH=TPAtSE. 	 
31 87 PRINTWBEGIN FREQUENCY', 
BEGINV 
33 	1007 FORMAT(F6.1) 
	34 PRI -NT-tr-"END-FREQUENCY'. 	 
35 READ(5,1007) ENDV 
-rra.NT4s." -ENTER- THET.RHO0i-TNITTAMBT", 	  
37 	READ (500 THET,RHOO,INIT.AMBT 
39 	3 DO 105 L=1,NLINES 
	40  
41 PRINTWENTER LINEWIDTH:', 
42 	RE-A- 1=17500 	LNITIDTH ( 
43 1000 FORMAT(F6.3) 
44 	TINT :'-ENTER CE1 TER-FREQUENCY1" 
45 - 	READ(5,1001) CENTERV(L) 
	46 100T-FORMATiFz).1) 
47 PRINTWENTER INITIAL STATE ENERGY / K 
45 	hEALK577 ,-0-021 IENERGYCED 
49 1002 FORMAT(F8.2) 
---FRINTV,'ENTER LINE STRENGTH:' 
51 	READ(5,1008) STRNTH(L) 
5-100-8 FORMATCF6.4) 
53 	105 CONTINUE 
FhEUUENCT POINTS 	 
55 CALL VARRAY(NLINES,BEGINV,ENDV,II,CENTERV,GNU,TENTH) 
	56 PMU=7.r8E=3. 
57 	DO 10 J=INIT,2500 
-5e iF (J-400) 31,31-i32 




   
UU IU 36 
72 IF (J-1000) 345.345'35 









34 - 	.00J .0 	  
GO TO 33 
	35 IF (7J-1 -400 
36 Z=J*0.01-6.0 
GO TO 33 
38 	 - 
37 IF (J-1800) •  38,38,39 




/ 	 7PAL=.v557-6*(-1-70-EXPC=0:046*L)) 
73 C 	DETERMINATION OF DELTA NU 
74 	 760;0*10 0** ( -3.05*Z/50 ) 
75 IF (Z-12) 4,4,6 






GO TO 17 
	6 IF- 2--1-217 0 1-1. 2 1 2 F14 -- 	 - 
12 TEMP(J) = 216.0 
   
    








89 • 	21 
TEMP(J) = 3.08*Z f 139.0 
	rFTZ-1:77--IB,I9,19- 
 RHO=RHOO*(10**(-0.2286*Z)) 
GO - TU-21 
IF (Z-26) 22,23,23 
RIA0=,3.6-1-VE77 (10*11(0 -.09155*Z) - ) . 
 GO TO 21 
RHOIT.3*(10**1--0.05914*Z)) 
FRHO = 1.0 -IL 0.0046*RHO 
F Rr-m-P-R ES 7760T-0 	- - - • 	- 
   
      
      
      
      
      
      
       
91 	 FTEM = (TEMP(J)/318.0)**0.625 
--PARF- 	3i-390E-2*(TEMP(J)**2.5) 
93 	 DO 20 L=1 r Nil. INES 
	-54-- 	D-G 	=-1:Nt41- DTH- an-*I. - OE9*FPRE*FRHO/FTEM 
95 - CENF = CENTERV (1_ )4:1.0E9 
----FRAC--=-EXP-C=.-rENERGY ( ) /TEMP ( j) 	-- 
97 	 A163 = RHO*PMU*STRNTH(L ) 
9S 	D0-3-0-I -1 
95' 	 DEN1= ( CENF**2-GNU ( I ) 	) **2+4 0* ( GNU ( I ) **2 ) *DONU**2 











B183 = (A183*FRAC*ARG1/PARF)*(GNU(I)**2) 
--nEF7=DIS3*-TEMP(-Ji*SPAC/COSCTHET) 
K=J-1 
I1-7 (17:1-1.-75 - y-r15, 136 
56 AEXP=TB183(I)*SPAC/COS(THET) 
—gaunca-r=4sumcr-m-AExP 
GO TO 121 
k 11-0 
21 IF (ASUM(I)-200.0) 123,122,122 
22-AT-TM=0-: - G 
   
         
         
         
         
         
         
         
111 	 GO TO 124 
11=---I23 Ai iN =-EX 	A sum -c-r 
113 	124 CONTINUE 
= A T1 N*-CDEF 
115 	 ANTP ( I ) =ANTP ( I ) +TAX 
-TEr1133 	=11183 
117 	30 CONTINUE 
	 -TIS 20- CONTI NUa 	  
119 	10 CONTINUE 
RTT 	( 6 ) 	- 
121 	1 FORMAT ( // FRED GHZ " 5X, " SUN TEMP " 5X p 'EMIT TEMP" , 
	122  Iff-X- y-E-ANT--TEMP-a- y-5X- r 'ZENITH AT TN' 
123 	 DO 199 I=1,II 	 •  
-124----- 1:31--ff-tASUM -(1)-- 20070) 133,132,132 
125 	132 SUN=0.0 
	  13 126 	bU 1U-134 
er 	 -  
128 	134 Cu 7IM7E 	  
129 TANT = ANTP(I) f SUN 
10 	' 130 	
LA/ = 4.3-429*ASUMTT-  - 
131 FREO=GNU(I)/1.0E9 
     
1. 62 	 WRITE- (6-,2) FREO ■ SUN,ANTP(I),TANT,ZAT 
- 	
133 2 FORMAT (1X,F7.2,5X,E9.3Y5X,F8.3r5X,F8.3,5X,E9.4) 
197-CDNTINUL. 
135 	200 STOP 
END 	 
137 C 
81-21TROLTTINE". VARRA. - < 
139 C 
40— --SUBROUTINE- 'ARRAY ( NL INES BEGINV END!), I I r CENTERV GNU TENTH 
141 	 DIMENSION CENTERV(25),GNU(1000) 
LOGICAL -PTFIVETTENTH,FIVE - 1-- 
143 C 





--148 	 GNUrT)=BEGINV*1.0E9-- 
149 CURENTV=BEGINV 
	150 	600 II-IT1-1 
151 TESTV=CURENTV+VINC 
	152 	 1-PfT-E-aT-VTGENDVtr-GO-TO 699' 	• 
153 CALL CHECKV(FIVE,PTFIVEFCENTERV,JJ,TESTVyNLINES,TENTH) 
155 • 	IF(FIVE) GO TO 620 
---ITTvrtm-ramt-Tor-Go-To 607-- 
157 	 CURENTV=TESTV 
	 158 0Nt-tItt=CURENTV*1-«0E9 -- 
159 	 00 TO 600 
	-160-76-07 TEMP-V=TEMPV+5.0 
161 	 CALL CHECKV(FIVEPTFIVErCENTERVPJJYTEMPV,NLINESrTENTH) 
OR .;71-FI VEY AND .; ( JJT LE 	) ) 	T0-607 
163 	 TESTV=TEMPV 
CALL--CHECKV(F-I VE 9PTF I VE CENTERV 	TESTV 714L INES 




169 	 GO TO 600 
- 
171 	610 IF(VINC-1.0) 612,615,618 
61-2-CVRENTV-=TESTV 
173 	 GNU(II)=CURENTV*1.0E9 
1.4 GU 	600 	 
175 	615 CURENTV=CENTERV(JJ)-0.5 
1/6 VlaCE:UTI 
177' - • 	GNU(II)=CURENTV*1.0E9 
178 iU 600 
179 . 	618 TEMPV=CURENTV 
	180 J77.77-1 
181 	 CURENTV=CENTERV(JJ)-5.0 
t82 V/N.D-1.0 
183 - 	GNU(II)=CURENTV*1.0E9 
GO-TO-60-0- 
135 	-‘)20 IF(VINC-1.0) 622,612,618 
86 0=-7TNL=1.0 
187 . ' 	CURENTV=CURENTV+VINC-0.5 
/se --exurrrr.cuRENTV*1-ToE9 
189' 	GO TO 600 





- 	 - 	RETURN 




	 1 96 	 SUBROUTINE—tHECKV(FIVErPTFIVEi.OENTERVJJ'TVNLINESfTENTH) 
197 DIMENSION CENTERV(25) 
198 	 LOGICAL FIVE,TENTH,PTFIVE 
0 	
 199 FIVE=.FALSE. 
200-- 	PTFIVE=.FALSE. 
201 	 IF(.NOT.TENTH) GO TO 712 
203 	 JJ=L 
- 
! 
	 202  
2-0A 7777i-BUTOENTERV(L7=TV).LE.0.5)G0 TO 720 
205 	710 CONTINUE 
206----712—DO 711--t-=1-TNLINEb 	 
207 	 JJ=L 
2-u8 IF -CABS(CENTERV(LY- TV).LE.5.0)G0 TO 730 
209 	711 CONTINUE 
210 zn TO-700 
211 	720 PTFIVE=.TRUE. 
	 21-2 GO—TO 700 	 
213 	730 FIVE=.TRUE. 
	 21:4— 700—RETURN 	 
215 	 END 
	SCAN--=—EOR 210 
0 1' END 
	L I 
 /71.1RS-E—REli HF-TNi-:Ev-Hi-vCARlib7=7:ZZEMrHORZAT7MODSHP,LINSHP 
NN 	FORMAT ERROR ON CONTROL CARD. 
	0-F64-2RM 	LOB—D 	6.-53.t0-7-- 
QF642RM . SRU 	1.111 UNTS. 
	7/047125«—t6c13.5T1-6. 	  
PLEASE PURGE ALL UNNECESSARY FILES. 
SER--1,1 LIM PER-. 
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Reflectivity of Common Materials in the 
Submillimeter Region 
M. D. BLUE AND S. PERKOWITZ 
Abstract—The appearance of an illuminated scene at submillimeter 
wavelengths is determined by surface reflectivity. Reflectivities of some 
man-made and natural materials have been measured. The results provide 
some insight for evaluating possible applications of submillimeter 
radiation. 
INTRODUCTION 
THE gradual realization of practical submillimeter-wave sources, including optically pumped lasers throughout 
the submillimeter region [I], and relativistic electron-beam 
devices [2], gives rise to the possibility of practical terrestial 
systems operating within the atmospheric windows [I]. 
Systems calculations are handicapped by a lack of data 
concerning dielectric properties of common materials in 
this spectral region. Recent transmission data and active 
imaging experiments indicate the potential utility of this 
technology [3]. The work reported here represents an 
initial attempt to characterize the far-infrared submillimeter 
reflectivity of common materials, and can be used as a 
guide for initial estimates of system performance. The 
Manuscript received January 17, 1977. This work was supported by 
the Army Research Office. 
M. D. Blue is with the Georgia Institute of Technology, Atlanta, 
GA 30332. 
S. Perkowitz is with Emory University, Atlanta, GA 30322.  
contrast expected in imaging systems in this wavelength 
region between man-made and natural objects is of interest 
and is difficult to predict. In addition to military applications, 
several applications for civil systems might be envisioned, 
such as a system for locating and identifying aircraft on 
remote airport taxiways and runways during periods of 
severe weather. 
EXPERIMENTAL METHODS 
The room-temperature reflectivity measurements em-
ployed a modified Grubb Parsons Mark II Fourier-
transform spectrometer [4]. Light-pipe optics carried the 
radiation to a sample holder which was open to the 
atmosphere so that the sample could be studied under 
natural conditions. Conventional disiccant and a constant 
flow of dry nitrogen gas were used to eliminate water-vapor 
absorption from the sample light pipe and holder and the 
remainder of the spectrometer was evacuated. The radiation 
impinged on the samples at an angle of 12°, negligibly 
different from normal incidence. The sample holder was 
mounted horizontally to accomodate loose samples such as 
sand. The detector was a Unicam quartz-window Golay 
cell with the usual polyethylene filtering. All data were 
taken at a resolution of 8 cm - A sample in/sample out 
Copyright 01977 by The Institute of Electrical and Electronics Engineers, Inc. 
Printed in U.S.A. Annals No. 	706MT011 
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FREQUENCY, ( crrt 1 ) 
Fig. 1. Normal reflectivity in percent for common materials. Included are a normally oxidized aluminum surface (A1), 
aluminum sprayed flat-black paint (Black Paint), olive-drab paint on brass (OD Paint), a freshly cut blade of grass 
(Grass), and a rusty iron surface (Rust). 
TABLE I 




2% (overall reflectivity 20- 200 cm-I ) 
Soil 
	
2% (overall reflectivity 20- 200 cm-I ) 
Wood 
21 (overall reflectivity 20-200 cm 1 ) 
52 (overall reflectivity 20-200 cm I ) 
Loaf 
Maple - fresh 
dry (green) 
Grass - fresh 
dry (green) 
Man Made Materials 
Asphalt 
	 52 (overall reflectivity 20-200 cm -1 ) 
Painted moral 
Flat black on Al 
Army OD on brass 
	 Refer to Fig. 1. 
Rusted iron 
Oxidised Al 
Concrete Similar to Rusted Iron 
method was used to obtain the reflection coefficient, with 
the reference value supplied by a polished stainless-steel 
mirror. Such a mirror has a nearly constant far-infrared 
reflectivity of about 97 percent and so can be treated as a 
100-percent reflector with little error. 
EXPERIMENTAL RESULTS 
A list of materials examined in this study is presented in 
Table I. Both natural and man-made materials were con- 
sidered. Natural materials include typical surfaces as seen 
in earth backgrounds. Man-made materials include asphalt 
and concrete as well as metal surfaces. 
The normal reflectivities for several metal surfaces as 
well as for grass are shown in Fig. 1. It can be seen that 
flat-back paint on aluminum reduces the reflectivity to a 
value below that of a normally oxidized aluminum surface 
in the submillimeter region. Similarly, flat olive-drab paint 
reduces the reflectivity of clean brass which, like all high-
conductivity materials, has very high reflectivity throughout 
this region. However, these two paints have quite different 
spectra. 
For many natural surfaces, it is likely that the surface-
scattering effects dominate the reflectivity. For example, 
the reflectivity of concrete closely parallels rusty iron over 
this spectral region. As these materials are quite different, it 
is possible that the normal reflectivity is dominated by 
surface-roughness effects. 
Fig. 2 shows the reflectivity spectra for several of the 
organic materials examined in this study along with the 
reflectivity of concrete. Fresh grass shows a reflectivity 
which is typical of several of these materials. Reflectivity of 
dry grass was similar, both samples showing a decrease in 
reflectivity from near 20 percent at 20 cm' to 3 percent at 
200 cm'. As shown in Fig. 2, a dry maple leaf has a modest 
peak in reflectivity of 16 percent at 100 cm -1 dropping to 
10 percent at 50 and 150 cm - 1 . This peak did not appear in 
the fresh specimen. Reflectivity measurements on the 
organic materials did not show any obvious correlation 
with chlorophyll transmission spectra where a strong 
structure at 200 cm -1 has been observed [5]. 
In general, all organic samples along with sand, mud, 
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Fig. 2. Normal reflectivity in percent for typical organic materials, 
and a concrete surface for comparison. Both fresh and dried samples 
of the same specimens are shown. A rise in reflectivity going toward 
small wavenumbers was a typical trend for these samples. 
metal and painted metal surfaces examined within the 
limited scope of this study. 
SUMMARY AND DISCUSSION 
This study examined normal reflectivity for a small group 
of natural and man-made samples from 20 to 200 cm -1 at 
room temperature. Many interesting questions are raised 
by these data which suggest several directions for further 
work. Among these are extensions to longer wavelengths, 
off-axis reflection, temperature effects, and additional 
samples. The transition between reflectivity related to the 
metal and reflectivity characteristic of the surface paint 
takes place in the submillimeter region in our metal samples, 
and additional data would be helpful. For the painted  
surfaces shown in Fig. 1, the increase in reflectivity at long 
wavelengths could be related more closely to paint thickness 
than dielectric properties. The olive-drab paint layer was 
much thicker than the layer of black spray paint, and the 
shift to higher reflectivity occurs at an appropriately longer 
wavelength. 
For more a complete characterization of the optical 
properties of common materials, it would be helpful to make 
transmission as well as reflection measurements. A high-
power optically pumped laser is especially useful for precise 
transmission work. Such a laser has been used to measure 
the transmission of liquid water [6] which plays an im-
portant role in our natural samples. Recent preliminary 
results show that fresh leaf can transmit as much as 7 
percent between 39 and 104 cm" [7]. 
The most significant result to date appears to be the clear 
separation in the value of normal reflectivity between metal 
surfaces and typical natural materials representative of 
terrestrial backgrounds. This result suggests that detection 
and imaging systems operating in this wavelength region 
can distinguish man-made objects from their backgrounds. 
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The objective of the WITS Program is to compare three theoretical 
calculations of atmospheric attenuation in the 10-1000 GHz range due to 
water vapor. Ultimately these three theoretical calculations will be 
compared with values of atmospheric attenuation measured by several 
experiments. 
Two of the theoretical calculations have already been made. Both 
of these calculations are based on theory presented in J. Water's article 
[1]. The parameters used in these calculations are as follows: 1) water 
vapor density - 7.5 grams/m 3 , 2) pressure - 1013 millibars, 3) temperature 
= 300 °K. Twenty-five water lines were used in the calculation. These 25 
lines ranged in frequency from 22.23515 GHz to 916.05 GHz and are stored in 
the 25 element array "FC" in the function sub program named AH2O (P,T,F,RHO, 
N,M,DOPP). A copy of this sub program and an explanation of its operation 
is given in Appendix I. 
Both calculations use a Gross line shape (eqn. 2.3.12 in Waters'), but 
the first calculation includes an empirical correction term developed by 
Gaut & Reifenstein and the second calculation omits this term. (The 
eqns in Waters' [1] are 2.3.20-2.3.21, 2.3.21). The output of these cal-
culations are plotted on a semilog scale of frequency versus attenuation 
(in dB/Km). Note that Waters' eqns for K v and iKv have to be multiplied 
by 4.34 x 10
5 
to convert from units of cm
-1 
to dB/Km). Hence, calculation 
1 consists of 
Y= K + AK 
axis 	v 	v 
whereas calculation 2 consists of 
Y 
axis 
The figures at the end of this appendix show the submillimeter program 
with and without the continuum term, AK v . 
The third theoretical calculation is not yet completed. The theory for 
that calculation is described in this Appendix - entitled WITS. The only 
difference between what is described in this Appendix and our intended cal- 
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culation is that we will not be using (in the beginning) any of the 
calculations involving oxygen lines. In effect this is equivalent to 
setting the contents of register 2 equal to zero on page 2 of the Flow 
Chart at the end of the Appendix. We already have a program written to 
make the necessary calculations; the only major problem remaining is 
developing a program to read theCloughAFCRL data type which is not in 
a form easily compatible with our computer. 
REFERENCE  
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WINDOW IN THE SKY (WITS) PROGRAM 
INTRODUCTION 
Theoretical calculations and experimental measurements of 
atmospheric attenuation in the 10-1000 GHz range typically do 
not agree with each other. These calculations have been made 
using Van Vleck-Weisskopf or Gross line shapes and considering 
only transition frequencies within the 10-1000 GHz region. 
The purpose of the WITS program is to determine whether a 
more accurate theoretical prediction results when all the transi-
tion frequencies of H2O and 0
2 between 1 um and the far infrared 
are included in the calculation. In the paragraphs below, the 
theory and procedure for calculating the attenuation from the 
AFCRL tape is discussed. Depending on the results, techniques for 
evaluating the calculations will occur in another report. 
II. THEORY 
"If da is the amount of matter per cm 2 along the direction in 
which the intensity is defined, then, by Lambert's law, the change 
of intensity in traversing this infinitesimal path is 
dIv (extinction) = -ev Iv  da 	 (1) 
The constant of proportionality, ev , is the extinction coefficient 
"Since all processes are linear, the extinction coefficient can be 
expressed on the sum of an absorption coefficient (kv) and a scattering 
coefficient (sv
): 
ev = V + sv ." 
	
(2) 
In the WITS program, we are interested in attenuation due to 
absorption only. Thus, we have 
dI
v 




To calculate the attenuation of energy at frequency v in units 
of db/km, we must know the number of molecules/cm 2 in a column of 
air 1 km long having a cross-section 1 cm 2 as shown below 
and the absorption coefficient, kv , at that frequency. Having that 
data we calculate the attenuation from the equation 
attenuation (in db/km) = -10 log I
dI
v/ i I = -10 log (kv 
da). 	(4) 
v 
The absorption coefficient, kv, is given by 
kv 	(kv) 1m 	 (5) 
lm 
where (kv)lm in the absorption coefficient at frequency v due to the 
(1m) transition. (kv)lm can be calculated using the Lorentz line shape 
from the equation 
(kv) lm
= 




) 2 + a 2 
(6) 
where 
S = the intensity per absorbing molecules (cm 1/molecule -cm 1) 
 a = the line half-width at half maximum (cm 1 ) 
v
o = transition frequency (in cm 1 ) 
v = frequency at which attenuation is being calculated (in cm 1
)da = number of molecules/cm2 in the air column of interest. 
III. PROCEDURE FOR CALCULATING ATTENUATION AT AN ARBITRARY FREQUENCY v  
A. Calculate da for H2O 
Assuming a water vapor content of 7.5 grams/m 3 , we ask 
how many grams/cm 2 exist in a column of air 1 km long x 
1 cm2 . The appropriate equation is 
22 
no. of grams/cm2 = no. of grams in the 1 km column 
= 7.5 grams x volume of column 
m3 
=(.5 gram) (1 m3) 
m
3 
= .75 grams/cm2 
From p. 5 in the AFCRL pamphlet we have the relation 
1 g/cm
2 





Hence, the number of molecules of H 0 per cm
2 
in the 1 km column 
is given by 




2 	cm2 1 g/cm2  of H2O 
= 2.5 x 10 22 molecules/cm
2
. 
B. Calculate da for 0
2 
We need to find da ata  296 °K and atmospheric pressure. We 
know that at STP, 1 mole of an ideal gas occupies 22415 cm
3 
and 
that one mole of a substance contains Avogadro's number, 6.02 x 10
23
, 
of molecules. Hence, the number of molecules/m
3 of an ideal gas 
at STP is given by 
no. of molecules (STP) per unit volume 
6.02 x 10
23 
molecules 100 cm  
22,415 cm
3 	1 m 
) 3 




However, the mole fraction of 0 2 in the atmosphere is .20, so that 
the number of molecules of 0
2 
per m3 is given by 
no. of molecules (STP) of oxygen per unit volume 
= (no. of molecules (STP) of air per unit volume) x 
(mole fraction of 0 2 ) 
= (2.686 x 1025 ) (.2) 
5.37 x 10






We now need to calculate the number of molecules of 0
2 
at 
296 °K and atmospheric pressure. To see how this calculation is 
done, recall the perfect gas law, 
PV = nRT 	 (12) 
From which we can see that 
n no. of moles  
✓ volume 	RT 
However, at constant pressure (atmospheric pressure in our case), 
the number of molecules per unit volume is given by 
no. of molecules  
volume 	 v a RT 
= KIT (for cst. pressure), 
where K is some constant. Thus, 
no. of molecules of 0
2 
at 296 °K and atmospheric pressure 
m3 






K/273 296 ' 
or 




= 5.37 x 10
24 










Now since a column of air 1 km long by 1 cm 2 has a volume of 
.1 m3 , therefore 
da = (.1 m3 ) 5.0 x 10
24 molecules  
0
2  in 
 
= 5.0 x 1023 molecules  
2 cm 
C. Read Data from ARCRL Tape 
"A standard computer format was adopted for card or card-
image input and is outlined below, the number between vertical 
lines representing the column on an IBM card, and the letter-
number combination representing the computer format.* The 
first four columns are: v = frequency in wavenumbers, S = 
line intensity in cm 1/molecule-cm 2 at 296°K, a = half-
width in cm 
1 
- atm-1 at 296 °K, E "= energy of the lower state 
expressed in wavenumbers." c 
ROTATION AND VIBRATION 
vS 	a 	E" 	ID 	DATE 	ISOTOPE 	MOLECULE  
1-10 	11-20 21-25 26-35 36-70 71-73 74-77 78-80 
F10.3 E10.3 	F5.3 	F10.3 	5A6, A5 	13 	14 	13 
*"In the far infrared (v < 100 cm 1)a different format (F10.6) was 
occasionally chosen for frequencies where high accuracy microwave 
measurements are available. " 3  
(17) 
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For our purposes it is sufficient to use the following data 
from a card: v, S, a, isotope, molecule. Further, we are interested 
only in water and 0 2 in their most abundant isotopic form. A chart 
indicating the necessary coding immediately follows: 
MOST ABUNDANT IDENTIFICATION 
MOLECULE ISOTOPE CODE FOR ISOTOPE NUMBER 





0 66 7 
D. Calculating the Attenuation 
Recalling eqns 5 & 6, it will be seen that for each frequency 
at which the attenuation will be calculated each card or card 





then (kv)lm for H2O will have to be calculated and added to other 
(kv)lm from water lines. A similar procedure will be followed for 
the 160  160 lines. 
After all the card images have been read, then (kv)lm for 
water will be added to (kv)lm for 0 2 : 
(kv) Total (kv) H 0 + (v) 0  = 2 	2 
Finally, using eqn. 4 the attenuation in db/km at freq. v will 
be determined. The attenuation will be calculated for all fre-
quencies in the range [10,1000] GHz over an approximately fine 
grid. (See Bob McMillan or Alex Cook.) 




FLOW CHART  
(i) start at freq. v 
rewind AFCRL tape 




Go to 2 

























) 2 + a
2 
from card 
add result to 
register 1 
add result to 
register 2 
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FLOW CHART (continued) 
multiply contents of regis-
ter 1 by 
da
H20/y 
store in register 1 
multiply contents of regis-





add results to 
register 1 
calc. 	(-10) 	• 	log 	(contents 
of register 1) 
This is the attenuation 
in db/km at freq. v 
store 
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APPENDIX IV 
MATERIALS FOR LOW NOISE SCHOTTKY BARRIER 
CONVERTERS AT SUBMILLIMETER WAVELENGTHS 
M. D. Blue 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
and 




The prospects for realization of low noise coherent detectors in 
the 25 pm - 100 pm region are critically assessed. Use of high effi-
ciency Schottky-barrier converters can be extended to the submillimeter 
region through the use of appropriate diode materials. 
INTRODUCTION  
Possible development of Schottky-barrier diode mixers optimized for 
operation in the submillimeter-far infrared wavelength region will require 
improvements in several areas such as material technology and packaging. 
Provision should be made for cooling the diode in order to minimize noise. 
We consider here the potential for extending operation to shorter wave-
lengths through reduction of parasitic loss obtained by the use of alterna-
tive semiconducting compounds. 
A low noise temperature and a high frequency cut-off are desired. 
Small diameters have been found to be of limited value because of the 
deleterious effects of high current density on both noise and conversion 
loss performance. Therefore, thin layer epitaxial technology will be essen-
tial to extract maximum performance and minimize loss for a given material. 
The performance of a submillimeter wave receiver employing a Schottky-barrier 
mixer cooled to a temperature near 50 °K could be expected to provide a signi-
ficantly lower NEP than is obtainable fromcryogenic bolometers as well as the 
capability of GHz bandwidth operation. 
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The high frequency performance of Schottky-barrier diodes is limited 
bythebarriercapacitance,C.,and the series resistance, R. The barrier 
or depletion-layer capacitance effectively shunts the non-linear diode 
resistance R.. In an epitaxial diode, the resistance R
s 
arises from the 
undepleted portion of the epilayer under the metal plus the spreading re-
sistance of the bulk material, and is in series with the parallel combina-
tion of R. and C.. Thus C. allows current to by-pass R., while R s 
is a 
source of signal and LO power dissipation, heat production, and excess 
diode noise. 





, where n is typically one for material with uniform properties, 
but may approach a value of 1.5 for epitaxial material and small diode 
diameters. 
The diode cut-off frequency f c = (27R C.)
-1 
has been found to be a S j 






where typically 0.5 < m < 1 depending again on material 
and epilayer properties. 
The I-V characteristic of a Schottky diode for I >> I s may be written [1] 

















where N is the semiconductor carrier concentration, m* is the carrier effec-
tive mass, and E is the dielectric constant. 
Under most operating conditions, the principal source of noise from a 
Schottky diode is shot noise. For this case, the available noise power 







-1 ti Vo /I 
The equivalent noise temperature of the diode limited by shot noise 








For simplicity we have assumed a nearly perfect trap-free metal 
semiconductor interface. Under the doping conditions desired, dielectric 
relaxation effects will not be significant, and full shot noise is 
possible. 
It can be seen from equations (2) and (4) that reducing the diode's 
physical temperature will reduce T
eq until Vo becomes temperature inde-
pendent at Vo = E oo/q. At this temperature field emission dominates the 





/2k = (qh/2k) [N/4em*]
1/2 
SCHOTTKY-BARRIER DIODE PARAMETERS  


















where VB is the barrier potential, and p is the carrier mobility. 
In equation (6) we have taken the bias voltage and signal voltage 
which reduce VB and increase barrier capacitance under forward bias to 
be zero, and neglected a contribution from the mobile carriers which 
will be small for the operating conditions of interest. 
Equation (7) is taken from Holm [2] and assumes uniform resisti- 
vity in the semiconductor. For epitaxial material, a satisfactory estimate 
of series resistance across a region of varying resistivity can be obtained 
by approximating the resistance variation in a stepwise manner, and then 
summing the resistance between consecutive equipotential surfaces. 
As an example, we take a GaAs substrate with an electron concentration 




and a resistivity of 0.001 2 cm. The epitaxial layer 




and a resistivity of 0.009 cm 
is taken to be 0.1 pm thick, and only an undepleted layer thickness of 0.05 
pm is assumed to contribute to the series resistance. The transition region 
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between epitaxial layer resistivity and bulk resistivity is assumed to 
be 0.2 pm, leading to a value of R s = 6 2. The calculated series resis-
tance is weakly dependent on the thickness assumed for the transition 
region under the epitaxial layer. 
Equations (6), (7), and (8) indicate that the most useful material 







. For a given material, 
pN
1/2 
can be maximized by doping. The mobility will be a strong function 
of carrier concentration, temperature, compensation, and crystal perfec-
tion. The maximum does not occur at the highest electron concentrations. 
For GaAs, an electron concentration of 2 x 1017 am 3 is near optimum, 
giving a value of T
eq 




 =4 x 10 	F and R = 22 2. This value of series resis- 
tance is unacceptably high, and may be reduced using an epitaxial layer as 





on a substrate with an electron concentration of 2 x 10
18 
cm 3 , the 6 value calculated previously permits a f c = 7 THz cut-off fre-
quency or a 45 pm cut-off wavelength. 
The diode diameter assumed in these calculations is 2 pm, near optimum 
as a further reduction in diameter raises the current density, increases 
the diode junction temperature, and increases Rs. Some improvement can be 
obtained by increasing the perimeter-to-area ratio of the device [4] in a 
manner somewhat analogous to emitter configurations in planar silicon power 
transistors. 
However, the potential for improvement in performance through optimized 
geometry is limited. To reduce parasitic loss and extend operation to 
shorter wavelengths, other materials can be considered. The combination of 
small e and large p leads to consideration of the III-V and II-VI semiconducting 
compounds. The interesting compounds have electron mobility increasing as 
the energy gap decreases while c remains constant to within a factor near 
two. The best performance should be obtainable with compound semiconductors 
having an energy gap near 0.1 - 0.4 eV and low temperature mobilities greater 
than 10
4 
cm2 /V sec. 
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The calculated parameters for the ,uaterials of interest are shown 
in Table 1. Smaller gap compounds have smaller electron effective masses 
resulting in a higher value of T
eq
. The largest uncertainty in these 
calculated quantities is the appropriate value of electron mobility for 
the temperature and carrier concentration of interest. We have attempted 
to choose values of N and p maximizing pN
1/2 
at T
eq [5, 6]. 
In order to compare materials with nearly equivalent fabrication tech-
nology, eventual availability of epitaxial technology was assumed for all 
materials listed in Table 1. An estimate of the series resistance, of 
epitaxial devices, Re , for various materials is made using the approach 
previously described for GaAs. The results are necessarily approximate, 
but provide an indication of potential performance. Metal contacts to 
n-type InAs are found to be ohmic, ruling out an otherwise interesting com-
pound, while the lower mobility of the p-type materials makes their perfor-
mance inferior to that expected from the n-type Schottky-barrier. 
The calculated parameters are in accord with our expectations that im-
proved performance over GaAs devices requires materials with smaller energy 
gaps. Of the two semiconducting compounds of greatest interest, InSb and 
HgCdTe, InSb appears to be the most interesting at this time because a size-
able amount of device technology has been developed, and because single crys-
tal material of uniform resistivity is available. The lack of single crystal 
wafers and absence of data concerning Schottky-barrier performance are limita-
tions to development of HgCdTe devices. For the purpose of this analysis, we 




/V sec which corresponds to an energy gap of 0.12 eV. The potential per-
formance of both these materials is superior to that of GaAs. 
The continual improvement in heterocrystal technology in III-V compounds 
offers the possibility of another degree of freedom in material selection. 
Thus, a thin epitaxial layer of one III-V compound on a high conductivity sub- 
strate of a different III-V compound could permit a higher f
c 
and a lower T 
eq 
than would be possible using a single III-V material. For a specific example, 
a high quality Au-GaAs barrier combined with the high conductivity of InSb 
could provide reduced parasitic loss and lower noise from cryogenic tempera-
tures to room temperature than a Au-GaAs device with epitaxial construction. 
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The combination of the larger effective mass and higher barrier height 
in GaAs with the higher mobility of InSb is responsible. An estimate of 
the performance of such a heterocrystal Schottky-barrier diode is given 
in Table 1. Realizable performance of heterocrystal Schottky-barrier 
diode is given in Table 1. Realizable performance of heterocrystal diodes 
will be very dependent on the perfection of the epitaxial material and 
strain effects introduced from mismatch in lattice constants and thermal 
expansion coefficients. Clearly, there are many problems to be resolved 
for heterocrystal mixers. 
Much of the current heterocrystal research has been stimulated by a 
desire to obtain improved efficiency from light emitting diodes and in-





temperature laser. Liquid phase epitaxy, vapor phase epitaxy, and molecu-
lar beam epitaxy are used to create heterocrystal device structures. 
Current problems include surface pits, stacking faults, and undesired im-
purities [7]. 
CONCLUSION  
Our results indicate the potential for extending ultra-low noise 
Schottky-barrier mixer technology into the submillimeter wavelength region 
and perhaps to the LWIR. A well developed technology will be required for 
high quality expitaxial layers (or ion implanted layers), effective surface 
passivation, and low leakage currents. 
A receiver incorporating such diodes offers high sensitivity and wide 
bandwidth in a wavelength region currently dominated by thermal detectors. 
The optimum operating temperature for a submillimeter converter appears 
from equations (2), (5), and Table I to lie between 20 ° K and 60 °K. Tem-
peratures near that of liquid helium will not be required. 
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TABLE I. CALCULATED PARAMETERS FOR SCHOTTKY-BARRIER DIODES* 
DIODE 	DOPING 	Teq 	J 	 E 	 c 	 c 
C. R f X 
MATERIAL -3 cm °K pF SI Hz pm  
GaAs 	 2 x 10
17 










34 	0.002 	89 	0.9 x 10
12 
336 
InP 	 2 x 10
17 
56 	0.005 	5 	6.2 x 10
12 
48 
InSb 	 3 x 10
16 





28 	0.003 	2 	27 x 10
12 
11 
GaAs-InSb 	2 x 10
17 
23 	0.004 	3 	13 x 10
12 
23 
*Calculations assume a diode diameter of 2 pm. An undepleted epitaxial layer 
thickness of .005 pm with a transition region thickness of 0.25 pm is assumed 
except for silicon where the value is taken to be 0.05 pm. Substrate electron 




One of the major efforts of this grant involves the determination 
of submillimeter receiver characteristics. Initial efforts toward using 
an optically pumped laser as a local oscillator for a low noise receiver 
resulted in poor results. It was determined that these results were 
caused by low LO power and poor coupling of both signal and local oscil-
lator to the mixer. Since then, efforts have concentrated on improved 
mixer configurations, low loss quasi-optical diplexers and improved local 
oscillator power from optically pumped lasers. Investigations have con-
centrated on 230 GHz as a working frequency. The mixers are also being 
assembled so that they can eventually be employed in the sub-harmonic 
mixing scheme when this technique is mastered at lower frequencies on a 
NASA Grant. 
The following quasi-optical mixer schemes are being investigated: 
1. An open structure quasi-optical mixer has been assembled from an 
existing structure which accepts LO and signal energy from ortho-
gonal directions. In this mount, the incoming energy is focused by 
a lens onto the whisker contacting the diode. Each direction (LO 
and signal) has its own movable back-short. The device has been 
modified to use Schottky barrier diodes. A five-element Tcheby-
scheff filter has been constructed and inserted in the unit. This 
filter has the Schottky barrier mixer chip attached to it. 
In this mixer, the signal LO come from different directions 
so that there is no need for a diplexer. A single diode can be 
used or a harmonically pumped two diode mixer can be made; in the 
latter case, the diodes must be positioned to ensure correct phasing. 
The diodes should be X
s apart in the direction in which the signal 
enters the structure, and 2 A s apart in the direction in which the 
LO signal (at WLO/2) enters the mixer; A s is the signal wavelength. 
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2. A biconical antenna mount has been designed and is being assembled. 
In this mount the incoming energy, both signal and LO come from the 
same directions in the form of collimated plane wave beams and are 
incident on the biconical antenna, each of whose cones are 6 A long 
(at 230 GHz). The half cone angle 8 is ti 13 ° which gives an input 
impedance of ti 112 2. The cones form part of a spherical structure, 
the upper cone, to which the whisker is soldered is a press-fit and 
the bottom cone tapers into the first element of the IF filter. The 
aperture diameter is .5" and a similar size section of the sphere 
is movable behind the diode to help in RF matching. 
The biconical mixer and its parts are shown in the sketches at the 
end of this appendix. 
3. For use with this mixer a diplexer is required. If the mixer is 
a sub-harmonically pumped two diode mixer, a simple mesh Fabry-Perot 
resonator can be used to combine the LO and signal since they are 
so far apart in frequency. 
If, however, the device is to work as a fundamental mixer a more 
sophisticated polarized interferometric diplexer will be required. This 
is shown in the sketch at the end of the Appendix and consists of 6 wire 
grids, two pairs of which form "quarter wave plates" that reflect inci-
dent radiation and rotate the plane of polarization 90 ° . Both grids 
A 
consist of one set of horizontal and one set of vertical wires spaced 71- 
from each other. Grid C-C is a wire grid at 45 ° to the plane of the paper 
and D-D is a horizontal wire grid. If A = —
2 
x, where x is path length 
difference between A-A and C-C and B-B and C-C, then for a vertically 
polarized monochromatic beam incident on grid C-C from point p, the in-




(1 + cos A) 
2 
Thus at a fixed value of x, the intensity of vertically and horizon-
tally polarized radiation at q due to a broad band vertically polarized 
beam at p is as shown. 
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Now if, as shown in the schematic of the diplexer, the signal inputs 
vertically, in band, as shown and the LO inputs horizontally out-of-band 
as shown, both will combine, vertically polarized, with a minimum of loss 
at the mixer. Wire grids can have reflections and transmission coefficients 
approaching 100% for the appropriate planes of polarization, from effec-
tively zero frequency up to roughly a wavelength of 2d cms, where d cm is 
the spacing of the wires. Thus, for operation at 230 GHz, d = .5 mm 
i.e. .02". These grids should thus be photolithographically etched on 
mylar backed copper sheets, .002" thick, .02" apart. Note that all six 
grids are the same type. 
This diplexer configuration has been constructed. Currently, work is 
progressing on the making of grids. Two types of grids are being constructed. 
Sets of grids of metals on thin plastic substrates are being made while 
metal wire grids are being wound. A third type using copper sheets on mylar 
is being developed. 
An optically pumped laser has been assembled for use as a local oscillator. 
Difficulties with a commercial CO 2 laser pump have been experienced in the 
stability of the source. The laser has been returned to the manufacturer; 
since receiving the laser back from the manufacturer, the stability appears 
improved. In the meantime, the optically pumped laser has operated with a 
CO2 laser (at Emory University) constructed by Wayne Penn of this laboratory. 
The submillimeter wave output has been obtained from 2 CH 3OH lines. The 
CO
2 
laser is grating tuned with 20-30 W output on the various lines. A 
similar laser is currently being constructed in this laboratory to serve as 
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CONSTRUCTION NOTES: 
1. Mixer should be made in two halves, split along Section B (see drawing 1/4). 
2. The lengths of the .065" diameter rod beyond the IF filter (joining it 
to the OSM connector) and of the .025" diameter portion of the point pin 
(beyond the knurled sections) should be only long enough for machined 
soundness and rigidity. 
3. When fully in, the short circuit should form a continuous part of the 






















QUASI OPTICAL LO INJECTION DIPLEXER WITH COLLIMATING LENSES 
APPENDIX VI 
SPECTROSCOPIC OBSERVATIONS 
The observation of water vapor absorption in the submillimeter 
wavelength region is important to the propagation requirements of 
systems applications in this spectral region. For the absorption 
measurements, two conventional spectroscopic schemes are being em-
ployed. The first method is employing a Fabry-Perot interferometer 
for observations in the atmospheric window regions, on the wings of 
the absorption lines and in the region of the absorption line centers. 
The second method employs an absorption cell of the conventional milli-
meter wave type to obtain values of line width parameters and line 
shapes as a function of pressure and temperature. 
In addition to these absorption measurements, a parallel plate 
Stark cell has been assembled for measurements of dipole moments of 
H2O from submillimeter wave transitions. Brief discussions of the sta-
tus of each of these measurement programs are given below. 
1. Fabry-Perot Interferometer Measurements 
The measurements to be performed with the Fabry-Perot interferometer 
will cover the spectral region from 125 GHz to approximately 500 GHz, 
depending upon the availability of power sources to cover the higher 
frequency region. The apparatus currently being employed is shown in 
the block diagram of the accompanying figure. The Fabry-Perot inter-
ferometer is one which has been used by Frenkel and Wood. It has a Q-
value on the order of 300,000. Modifications have been made to provide 
for temperature control, humidity measurements, and temperature measure-
ments within the chamber. 
An insulated water jacket encases the cell for heating and cooling 
of the walls. The apparatus for measurements of Q and amplitude of the 
resonator is shown in the block diagram. The third harmonic of a 24 GHz 
klystron provides markers for measurement of the Q. The klystron is 
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BLOCK DIAGRAM OF MEASUREMENT SYSTEM FOR 
FABRY-PEROT INTERFEROMETER A-1861. 
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frequency markers. Measurements are currently being performed in the 
region of 140 GHz. The measurements consist of measuring the resonator 
Q and amplitude with the vapor in and out of the interferometer. The 
major effort thus far has consisted of achieving accurate frequency, am-
plitude and pressure values. When satisfactory, reproducible results 
are obtained, the measurements will be extended to higher frequencies. 
The measurements employing the waveguide absorption cell are per-
formed in the pressure-broadening line shape spectrometer shown in the 
diagram. This work has been delayed by failure of the klystrons which 
have been employed. Before the failure, however, suitable measurements 
have been demonstrated on the 183 GHz to insure that pressure-broadening 
observations can be performed. New klystrons are currently on order. 
In order to provide suitable improvements in the measurement accuracy 
of pressure-broadening effects, a signal-averager is to be purchased. 
This will allow observation in both the interferometer and waveguide cell 
to be made with increased accuracy of the attenuation off the line center. 
The following measurements are planned for the atmospheric absorption 
due to water vapor: 
1. Absorption measurements every 500 MHz with the Fabry-Perot inter-
ferometer from approximately 120 GHz to 500 GHz. The water vapor 
pressure will range from approximately 10 mtorr to 24 torr. The 
measurements will be made for H 2 O alone and in the presence of 
combinations of N 2 and 02' 
2. Absorption measurements using the waveguide absorption cell will 
be performed on H2O lines in the range up to 500-600 GHz depending 
upon the availability of sources for harmonic generation. In 
addition to the measurements on the line, the waveguide cell will 
be employed for measurements in the wings of the line by taking 
advantage of the signal sensitivity provided by the signal averager. 
3. Monochromatic measurements will be made by using the optically 
pumped source at individual frequencies throughout the spectrum. 
A White cell is available for these measurements. In addition, 
a 230 GHz IMPATT will be available as GFE from AFAL. Absorption 
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measurements will be compared with propagation measurements 
being made at EES and elsewhere. 
4. A parallel plate Stark cell has been prepared for measure-
ments of the water molecule dipole moment. The cell is fed 




MISCELLANEOUS RELATED TOPICS 
The receiver research being performed on this grant provides 
supporting technology for receiver work at 230 GHz and 340 GHz currently 
being performed by Georgia Tech for MIRADCOM. 
A report on long wavelength absorbing smokes and aerosols has been 
completed during this reporting period and currently a contract is being 
negotiated on experimental propagation through smokes in the near milli-
meter wavelength region. J. Gallagher has participated during this 
period in the HDL Panel Study on near millimeter wave technology. R. G. 
Shackelford and J. J. Gallagher have completed a study for MIRADCOM on a 
millimeter wave beamrider system; the results will be presented in a 
MIRADCOM report. J. J. Gallagher presented an invited paper on the impact 
of the atmosphere on submillimeter systems at a 1974 SPIE Seminar. 
Current activities on an internally funded propagation range will pro-
vide data at wavelengths from 35 GHz through the visible region; spectro-
scopic data being obtained on this grant will support the results of the 
propagation studies. 
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BRIEF OUTLINE OF RESEARCH FINDINGS 
During the past six month period, investigations were performed 
in the following areas of research: 
1. spectroscopic measurements of atmospheric constituents by coherent 
millimeter wave techniques and laser schemes; 
2. construction and testing of an optically pumped laser for use in 
receiver techniques and spectroscopic applications; 
3. continued formulation of computer programs for both spectroscopic 
analysis and atmospheric propagation analysis; 
4. development of a small Fourier spectrometer for both laboratory 
and field applications; 
5. preparation for receiver studies; 
6. investigation of liquid phase of water by reflection and trans-
mission of submillimeter wave laser signals. 
The research orojects which are the tasks of this program are 
oriented toward topics of importance to the Army's growing interest 
in Near Millimeter Wave systems. Each of the above tasks can be 
shown to be related to Army requirements. The following brief 
discussions outline the work being performed on the above topics: 
1.) One of the most important requirements for the application 
of near millimeter wave systems is a knowledge of the characteristics 
of the atmosphere. This is emphasized, for example, in the study 
of millimeter wave beam riders, which demonstrates the requirements 
placed on transmitter power and receiver sensitivity by atmospheric 
attenuation [1]. Existing propagation data shows considerable in-
consistencies, and the concept of atmospheric absorption anomalies 
as a transient function of atmospheric conditions is being studied. 
The correlation of laboratory experiments with propagation experi- 
ments is important and difficult. Interaction with chamber walls and 
condensation effects must be taken into consideration. Measurements 
which have been made thus far in waveguide cells and Fabry-Perot 
interferometers have given higher absorption results than predicted 
by theory. 
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During the past six months, measurements have been made in the 
Fabry-Perot interferometer through the 2 mm wavelength transmission 
window, but high results were still obtained. The cell apparatus is 
currently undergoing changes to obtain greater stability and improved 
gas handling capability. The major spectroscopic effort during this 
period was made in the development of the techniques for employing 
pulsed submillimeter lasers for spectroscopic investigations of water 
vapor. The source for these experiments was an optically pumped laser, 
pumped by a CO 2 TEA laser; this source was constructed on MIRADCOM 
Contract No. DAAK40-77-C-0047 to be used for fog/smoke propagation 
studies. Figure 23 of the attached paper to be presented at the AGARD 
Conference in Munich shows the experimental apparatus. The experiments 
and the procedures currently being followed for linewidth studies (in-
cluding non-hydrogen molecules) are briefly discussed in the text of the 
AGARD paper. 
Currently, the CW laser is being set up to use with an absorption 
cell. 
2.) A CW optically pumped laser has been constructed and tested. A 
small efficient CO 2 laser has been constructed with maximum output 
power on the P(20) line of 28 watts. The laser is grating tuned. The 
laser provides greater than 10 watts on 60 individual lines, 15 watts 
on 50 lines and 20 watts on 30 lines. This laser system is an important 
tool in the areas of atmospheric spectroscopy and receiver component 
development. 
The laser system is being stabilized to avoid fluctuations, etc. 
It will use the optically pumped laser output to stabilize the CO2 laser. 
3.) The spectral characteristics of the atmosphere are being calculated 
in considerable detail. The molecules 0 2, H 2O and 0 3 are included in 
a computer program giving absorption to frequencies in excess of 1000 GHz. 
The program will permit analysis of laboratory data (absorption, line-
width, lineshapes, etc.) and atmospheric propagation data. In the latter 
case, it serves the purpose of analysis of horizontal propagation and 
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vertical propagation. This program supports three DoD contracts and 
can be employed for any near millimeter wave systems analysis. The 
three DoD programs in which versions of the computer programs developed 
under this ARO study have been used are -- 
Contract No. DASG60-78-C-0031 with BMDATC, a study of the feasi-
bility of missile plume detection from a platform within the atmosphere. 
Contract No. DAAG39-78-R-9061 with HDL provides for the construc-
tion of a near millimeter mobile measurement program and will use the 
computer programs developed for multi-frequency propagation studies. 
A program just starting with NRL (funded by DARPA) will make 
zenith radiometric measurements at 94 GHz, 140 GHz and 230 GHz and will 
compare measured atmospheric radiation with the values calculated with 
the computer codes being developed on this program. 
4.) Laboratory and field measurements often require a small portable 
Fourier Transform Spectrometer (FTS). Many Army field operations can 
profit from the availability of an apparatus that could provide broad 
wavelength coverage. A small FTS has been assembled with a micropro-
cessor controller. It will be used in the atmospheric spectroscopy 
studies and in studies of fog, rain, etc. 
5.) In addition to the investigation of the vapor state characteristics 
of H 20, investigations of the liquid state characteristics of H 2O in the 
submillimeter wavelength region are of interest. A study of these 
characteristics is being performed in conjunction with Dr. Sid Perkowitz 
and Dr. Brent Bean of Emory University. This work will be part of a 
doctorate thesis of O. Simpson. When correlated with the vapor state and 
fog studies being performed, it is expected that the work will provide 
further information on water clusters, which are of importance to investi-
gations being performed by Hugh Carlon at Edgewood Area, Aberdeen Proving 
Ground. Reflectivity measurements have been performed on liquid H 2O and 
absorption measurements are currently underway. 
Additional items related to the grant include -- 
a. A discussion has been held with John Teti of the Navy Surface Weapon 
Center who sponsors the gyrotron work at NRL. If the gyrotron is to 
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be a useful field device, spectral characteristics are important. 
The possibility of our performing heterodyning experiments of the 
gyrotron against a phase-locked source will be taken under consi-
deration by the Navy. 
b. The Third Submillimeter Conference was attended by four Georgia 
Tech staff members, who presented seven papers. Abstracts of two 
of the papers, sponsored partially or wholly by ARO, are attached. 
A brief report of the conference is attached. 
c. The techniques of acoustical detection of submillimeter wave sig-
nals are being investigated, and an acoustical detection scheme 
will be constructed to complement the radiation detection methods. 
d 	Work has begun on a new FIR laser with invar-rod construction, 
which should have improved stability over the existing laser. 
REFERENCE  
1. R. G. Shackelford and J. J. Gallagher, "Millimeter Beam Rider System", 
Technical Report TE-CR-77-7, U. S. Army MIRADCOM, August, 1977. 
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FOURIER SPECTROMETER ENGINEERING DESIGN 
The basic building block of the unit is a single machined block 
of aluminum. To this block is attached the following: stepper as-
sembly, reflector mount, beam splitter mount, source unit, and Casse-
grain collimator output. See Figure I. 
Figure II shows the detector assembly. A Cassegrain collector is 
employed to improve the solid angle to the source. Propagation range 
with this size aperture is limited to about 40 feet, using a Golay cell 
for the detector. With larger optics and cryogenic detector, the range 
can be extended to greater than 500 M. 
Figure III shows the overall block diagram of the system. The 
microprocessor (uP) controls the number of pulses for each step of the 
motor along with data conversion and data storage. The uP allows for 
design flexibility in the use of the instrument. The entire system 
consists of 4 units: 
1) Fourier Unit 
2) Detector 
3) uP and Electronics 
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ABSTRACT OF PAPER 
PRESENTED AT 
THIRD SUBMILLIMETER CONFERENCE 
SUBMILLIMETER SPECTROSCOPY 
OF 
ATMOSPHERIC WATER VAPOR 
R. Rogers, P. Reinhart, H. Rainwater. 
O. Simpson, W. Penn and J. Galjagher 
Engineering Experiment Station 
Georgia Institute of Technol ,gY 
Atlanta, C'eergia 30332 
A study of the attenuation of sunmillimeter radiation he enter 
vapor is reported. The window regions of 125 - 160 ralr , 210 - 270 oo 
and 320 - 370 GHz have been investigated by Fabry-Perot iuterferometry, 
line shapes and half widths have been studied by waveguide cell tech-
niques, and mon..hrmat.ic measurements at single fr,lquencics have been 
performed by optically pumped lasers, 'WATTS, klvstrons and a •arcino-
tron. Absorption due to water vapor alone or mixed with atnsph,ri.• 
vapors ilas been investigated. These experimental measurements are 
compated with theoretical calculations based on both Gross and Van Vleck - 
Weisskopf line-shapes. A •iscur,sion of the discrepancy between theore-
tical calculations and experimental measurements is given. 
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ABSTRACT OF PAPER PRESENTED AT 
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AC3.0 
1 -TF.:P.ChION H-"r`t, .1 	 OF A Sil\VP PEAK IN 
po!..'N-1.11:151 	RADO.r''.F.TP,Y* 
lLae,her and R. W. hOt .1 
Lecr , ,ia institute oi Technology, Atlanta, hi. 30332 
The heiht distribution of atmospheric water - vapor has be:, the subject or 
• out, 	ii• 	iiiv 	ears. 	Currently, tere is a substantial hodv 01 data wujyh 
us that H,0 concentration decreases rapidly with altitude to a densit , of 
aheut 10 a at about 20 km and ten starts to increase again with increasing 
h.l,4ht. Rased on this distribution, a techniqne has been proposed for the re-
mute ,,nsia4 of stratospheric H,0 which involves measuring the shape of a sharp 
peak superiposed on the 22.235 (;11 .n emission line when observed looking up,:ard 
fr ,m the ,;ronnd. In this paper, present aaalvti:!al evidence for the exis-
tence of a similar peak superim .dosed on emissions ton the stronger H,0 lines 
which sho,id he tA)Ser- V:ii, in down-iookin..; -.- adiometcv. The vouation in shape 
of liii 	u i1. is a f,inction of the stratospheric water vapor distribution is 
.1oalyzed. 
The background temperature T• measured by a radiom,tor looking downward 
fr.711 ilL l ide a at on angle e to the vertical is given by 
T O 
	
T(!.)ex.D!-1(h,Z,0)11(Z)secudZ 	 (11 
ii 
• Ruxpi-r(O,h, ,?)])( T(Z)exp[-T(Z,0,e)]a(Z)secUdi. + (1-R)T
E
exp[-T(0,h,0)] 
where T E ls the earth temperature and T(Z) is the temperature of a stratum of 
atrroeiphere of thickness dZ located at altitude Z. The terms or the form 
7(7. 1 ,7 2 ,5) are the optical depths between altitudes Z 1 and Z 2 at angle 3, 	nd 
R is the reflectivity of the earth. The term a(Z) is the atmospheric attenua- 
tion coefficient, and is dependent on a number of variables including tempera-
ture, pressure, water vapor density, and the form of the emission line shape 
parameter. The effect of an absorption continuum was not considered in these 
calculations because there is no analytical basis for its inclusion. 	In Equa- 
tion (1), the first term is the direct emission of the atmosphere, the second 
term is atmospheric emission reflected from the earth, and the third term is 
the emission uf the earth modified by the atmospheric attenuation between the 
ground and altitude h, 
Equation (1) was numerically integrated over the frequency range 100-700 
Gilt to a height of 50 km using tne nine strongest water vapor :0,sorptions below 
1000 GHz, and the results of this integration are shown graphically in Figure 1. 
In makfrw, this calculation, a wat e r vapor distribution with a secondary maximum 
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PAPER TO BE PRESENTED AT 
AGARD CONFERENCE IN MUNICH, GERMANY 
ON SEPTEMBER 5, 1978 
CONCEPTS AND TECHNIQUES 
IN THE UTILIZATION OF 
MILLIMETER AND SUBMILLIMETER 'WAVES 
J. H. Rainwater, R. W. McMillan and J. J. Gallagher 
Georgia Institute of Technology 
Engineering Experiment Station 
Atlanta, Georgia 30332 
S iTMARY 
Extended microwave techniques have resulted in the cross-waveguide 
and ridged-waveguide harmonic mixers for the higher millimeter wave fre-
quencies in addition to single-ended fundamental mixers, all employing 
Schottky-barrier diodes. The newly developing technique of subharmonic 
pumping of an anti-parallel diode pair promises to ease the problem of 
insufficient local oscillator power. Quasi-optical techniques are being 
developed to provide more efficient energy coupling, filtering and 
directing components to replace the poorly performing waveguide de-
vices above 100 GHz. Radiometry as a remote sensing tool is revealing 
properties of the atmosphere which are not characterized adequately 
by theory. Propagation measurements in the submillimeter show atten-
uation to be somewhat greater than previously believed. A millimeter-
submillimeter transmitter and receiver system for propagation studies 
has been constructed at Georgia Tech with an optically pumped laser 
as a source and a quasi-optical superheterodyne receiver. 
1.0 INTRODUCTION 
The attractiveness of millimeter and submillimeter waves for remote 
sensing, weapon guidance and other applications has given impetus to re-
search and development of millimeter and submillimeter devices and sys-
tems and has necessitated characterization of atmospheric propagation 
effects in the atmosphere. The evolution of quasi-optical devices and 
techniques from a synthesis of microwave and optical practices has pro-
ceeded along with the extension of more familiar microwave devices into 
the millimeter and submillimeter regions. 
Georgia Tech is conducting extensive research and development pro-
grams aimed at the goal of full utilization of millimeter and submilli-
meter waves (sometimes collectively referred to as near-millimeter waves, 
100-1000 GHz). In the sections to follow, programs and topics are dis-
cussed in the areas of extended microwave techniques, quasi-optical de-
vices and methods, radiometry, and measurements of importance to spec-
troscopy and propagation. Measurements obtained with operational systems 
will be highlighted and their significance to physical questions and 
future system applications discussed. 
2.0 EXTENSIONS OF HICROWAVE TECHNIQUES 
Following the impetus to research and development of centimeter 
radar that World War II provided, physicists in various laboratories 
began extending the techniques of microwave radar into the near-milli-
meter region of the spectrum. While the generation of coherent radia-
tion found realization in extended klystron and traveling wave tube 
principles, masers, optically and electrically pumped lasers and rela-
tivistic electron beam devices, non-thermal detector and mixer techno-
logy followed another path. This path paralleled the growth in know-
ledge of semiconductor physics and technology: the "cat-whisker" diode 
emerged into a new era of applicability. Current research at Georgia 
Tech is directed toward developing structures and techniques to utilize 
the recontactable Schottky-harrier diode, a descendant of the "cat-
whisker" diode, as a near-millimeter detector or superheterodyne mixer. 
Harmonic superheterodyne mixers, which require local oscillator (LO) 
pumping at one-half the signal frequency, have been constructed for the 
near-millimeter in both crossed-waveguide and single-ended configurations. 
Figure 1 illustrates two mixer structures which are in operation at 
Georgia Tech. The crossed-waveguide mixer (la) couples LO energy to the 
diode through a coupling hole in the LO waveguide, to the signal wave-
guide. The diode mixes harmonics of the local oscillator with the signal, 
heterodyning spectral information to a convenient intermediate frequency 
(IF) for amplification and further processing. IF filtering and matching 
are accomplished within the barrel part of the mixer using appropriately 
machined impedance transforming materials. Figure lb. shows a ridged-
waveguide, single-ended mixer designed by G. T. Wrixon of University 
College, Cork Ireland. This mixer was constructed to operate near 230 
GHz and couples both LO and signal frequencies in the same port, in this 
case a ridged-waveguide which allows simultaneous transmission of the 
fundamental signal and LO modes to the diode throughout a bandwidth 
larger than typical rectangular waveguide would provide. IF matching 
and filtering is achieved within the block by a precision machined strip-
line, five element, low pass Tchsbyscheff filter. By way of comparison, 
the best noise figures obtained with a crossed-waveguide mixer at 183 GHz 
have been 16 dB while the ridged-waveguide mixer is expected to yield 
noise figures below 15 dB at 230 GHz. 
Fundamental mixing in the near-millimeter has been achieved at 
Georgia Tech with two mixer structures illustrated in Figure 2. Figure 
2 shows a conventional single-ended mixer with replacable Sharpless-
wafer mounted diodes. This type of mixer is convenient for systems where 
a field replaceable diode capability is desired. Noise figures of 12 dB 
have been obtained at 183 GHz with these devices at Georgia Tech. Figure 
3 shows another single-ended configuration, designed to ease the diffi-
culty of contacting typiCal 4 p diameter diodes with etched, pointed 12 p 
diameter whiskers. The mixer block can be partially disassembled for 
diode contacting in the laboratory and then quickly reassembled for 
operational use. This mixer, often called a split block mixer, contains 
an integral IF matching and filter network in stripline design. Noise 
figures of 14 dB have been demonstrated at 183 GHz with the split block 
mixer to date. 
Both fundamental and harmonic mixing schemes for the near-millimeter 
require reliable, stable, LO sources which are always expensive and some-
times unavailable for the higher frequencies. To overcome these disad-
vantages a new harmonic mixing technique, referred to as subharmonic 
mixing, is being developed at Georgia Tech. Typically, subharmonic mixing 
is the process of pumping an anti-parallel diode pair [1] with a LO fre-
quency one-half or one-fourth the signal frequency. The anti-parallel 
diode configuration, illustrated in Figure 4, has the advantages of re-
ducing conversion loss by suppressing fundamental mixing products and 
lowering the mixer noise figure through suppression of LO noise sidebands. 
In addition, a mixer with such an anti-parallel diode pair requires less 
LO power than its single diode equivalent. 
Future mixing schemes at higher near-millimeter wave frequencies will 
of necessity be of an open structure design because fundamental mode wave-
guide dimensions approach diode crystal dimensions near 400 GHz. The 
reader is referred to Gallagher and Blue (reference 2), for examples and 
discussion of open structure type mixers. 
3.0 QUASI-OPTICAL DEVICES AND TECHNIQUES 
3.1 Background  
The continuing extension of microwave source and detector tech-
nology further into the near-millimeter portion of the electromagnetic 
spectrum has created a need for low-loss components suitable for use at 
these shorter wavelengths. In particular, the availability of optically 
pumped lasers [3], extended interaction oscillators, and relativistic 
electron beam devices [4], as near-millimeter sources, and the develop-
ment of quasi-optical mixers have contributed to this need. 
In the region of frequencies above about 100 GHz, losses in wave-
guides become significant, and this limitation is further aggravated by 
poorer performance of couplers, attenuators, wavemeters, and other passive 
components at higher frequencies. Fortunately, since wavelengths in the 
submillimeter are small compared to practical optical component dimensions, 
and excellent transmitting and reflecting materials are available in this 
frequency region, it is possible to overcome most of these limitations by 
using quasi-optical techniques. 
3.2 Quasi-Optical Antennas  
Antennas used in the near-millimeter spectrum are essentially 
identical in form to those used in the optical portion of the electro-
magentic spectrum, consisting of lenses and mirrors; but the materials 
used for fabrication of these elements may be different. Lenses are 
generally made of plastics such as rexolite, TPX or teflon, and mirror -S 
are made of high-conductivity metals such as are used for optical mirrors. 
Antenna feeds are usually conical or pyramidal horns, except at the shorter 
wavelengths where direct focussing of radiation is a practical approach to 
avoiding waveguide losses. 
Diffraction losses in a near-millimeter wave antenna system will be 
higher than for a corresponding optical system because the full-width 
Fraunhofer diffraction limited beamwidth is approximately 2.4 :\/d, where 
d is aperture diameter, at the 901 power points. Although diffraction 
limited output is easy to achieve in these systems, the above expression 
shows that near millimeter beamwidths will be several orders of magnitude 
greater than corresponding beamwidths for optical and near infrared systems. 
Furthermore, geometrical or ray optics descriptions of quasi-optical de-
vices will require significant corrections for the effects of diffraction 
[5] since the aperture diameters involved are on the order of one hundred 
wavelengths instead of several thousands of wavelengths as for the case 
of visible light. 
Microwave lenses are usually machined from a block of rexolite, 
teflon, polyetheylene, or other suitable low-loss material. Because of 
the comparatively long wavelengths, and corresponding immunity to slight 
surface defects, it is possible to machine lenses directly with a hyper-
bolic shape, thus eliminating spherical aberration. Machine tool cutters 
can be fashioned from aluminum or other easy-to-work material, and polishing 
can be done with fine sandpaper. 
Fresnel reflection from lens surfaces is a difficult problem to 
solve in the design of microwave quasi-optics. Lenses are usually made 
in the piano-convex configuration, and are anti-reflection "coated" by 
bonding a quarter wavelength thick layer of a dielectric material with a 
refractive index equal to n 1 / 2 , where n is the refractive index of the 
lens, to the surfaces. Unfortunately, such materials are not generally 
easy to find. Alternatively, quarter wave deep grooves may be machined 
into the surface with a spacing such that the average index of the grooved 
volume is equal to n 1 / 2 . This machining is difficult on the curved sur-
face of the lens, so that this surface is generally left uncorrected. 
Figure 5 shows the details of the matching of lenses to air by slotting. 
Reflecting antennas for near-millimeter systems may take the same 
variety of configurations as has been devised for optical telescopes in-
cluding Newtonian, Cassegrain, Gregorian, and variations of these types. 
The secondary mirror of such a reflecting telescope is usually driven 
with a feed horn. Because of the comparatively large beamwidth of near-
millimeter systems, both primary and secondary mirrors must be made large 
to minimize spillover power. Reflective optics have the advantage of not 
requiring the matching layer required in refractive systems, and may be 
made from commonly used reflecting metals, such as gold and aluminum, 
which have excellent reflectivity in the near-millimeter spectrum. 
Horn antennas may be used as feeds for both lens and mirror antenna 
systems up to a frequency of about 300 GHz. Corrugated horns have been 
devised which have minimum side lobes in this range of frequencies. Be-
yond 300 GHz, sources consist mainly of optically pumped or electric dis-
charge pumped lasers, which use partially reflecting mirrors for output 
coupling. Figure 6 shows a corrugated horn antenna designed for 30.0 
GHz with its associated radiation pattern. Computer programs have been 
devised to aid in the design of such horns. 
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3.3 Quasi-Optical Diplexers 
The design of diplexers used for coupling both local oscillator 
and signal power to a single mixer is a difficult problem in the near-
millimeter wavelength region that has received some attention during the 
last few years. This problem is especially important because of the low 
output power of available local oscillators in the near-millimeter region. 
Successful diplexer designs must be configured so as not to waste any of 
this scarce LO power. 
A diplexer designed by Martin and Puplett [6] is shown in Figure 7. 
A signal beam plane polarized at 45 ° to the normal to the page is incident 
from the left. This beam is divided into components polarized parallel and 
perpendicular to the page by wire grid Dl. The component perpendicular to 
the page is reflected from the wire grid and the mirrors A and is recom-
bined at the output of grid D2 with the component polarized parallel to the 
page. A local oscillator input incident from above, also polarized at 45 ° , 
follows essentially the same path, and is combined with the signal in the 
mixer as shown. The diplexer is tuned by varying the distance of the plane 
reflectors from the wire grids so as to give constructive interference of 
signal and local oscillator at the output. Diplexers based on similar 
interferomecric principles have been designed by Wrixon [7], Gustincic [8], 
and Erickson [9]. Schematic drawings of these devices are shown in Figures 
8, 9, and 10. 
3.4 Quasi-Optical Filters and Interferometers  
Several different types of quasi-optical filters have been devised 
using Fabry-Perot interferometers in plane, confocal and semiconfocal con-
figurations. Confocal and semiconfocal devices use solid metal mirrors with 
small coupling holes for input and output radiation. These devices have 
extremely high Q's, sometimes reaching 10 6 , but these higher Q devices 
generally have higher losses. Plane-mirror Fabry-Perot interferometers may 
use solid mirrors, wire grids, or perforated metal plates for reflectors. 
The Q's of these devices depend upon coupling hole size, grid spacing and 
orientation, and the size of the perforations, respectively. 
The four-grid Fabry-Perot interferometer has been analyzed by 
McMillan and Langley [10] and by McMillan, Branch, and Lamb [11], who 
have found that this filter is bandpass tunable by either varying the 
relative grid orientation or by varying the spacing between elements of 
the two grid pairs. Furthermore, this filter can be made to rotate the 
plane of polarization of an incident signal on reflection, and there is 
some indication that this rotation can be carried out on transmission 
also. 
The transmitted power T for the four-grid array shown in Figure lla 
is given by 
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where 11 and T are reflectivity and transmissivity of a single grid for 
radiation polarized parallel and perpendicular to the wires, respectively, 
3 is the angle of input polarization, y is the angle between the grids, 
ri is the phase shift between elements of a grid pair, and 6 is the total 
phase shift through the grid. The grid angles . © and a are defined as 
shown in Figure lib. Using this equation, tunable grid filters have been 
constructed which have performances which agree well with theory. Figure 
12 shows measured and calculated results for a filter of this type. 
A very useful three-grid quasi-optical filter has been designed by 
Saleh [12, 13], who has achieved excellent agreement of measured trans-
mission with theory based on measurements made at 50 GHz. The bandpass 
characteristics of this filter are similar to those of the four-grid 
filter discussed above, and it is also tunable by varying the angle of 
the interior grid of the three-grid array. 
One of the most effective quasi-optical devices which is used in 
the near-millimeter wave region is the interferometer. The device has 
taken many forms in the applications which have been addressed so far, 
and their use can be seen in many future system applications. Both 
Fabry-Perot and Michelson interferometers have been employed, and for the 
Fabry-Perot interferometer, high-Q and low Q devices exist depending 
upon the application for the apparatus. The devices can be parallel 
plate, semi-confocal or confocal interferometers and can be employed as 
either waveguide coupled or horn/lens coupled resonators. Figure 13 
shows an example of the use of one of these interferometers in a mole-
cular beam spectrometer [14]. 
3.5 Miscellaneous Components  
Submillimeter analogs for many optical devices have been devised, 
including polarizers, beam splitters, quarter wave plates, attenuators, 
and the Fresnel rhomb. Each of these component types will be discussed 
briefly in this section. 
Wire grids are extensively used as polarizers and beam splitters in 
the submillimeter, and recent advances in fabrication techniques have 
extended the usefulness of these devices into the near infrared. When 
used as a polarizer, the component polarized parallel to the wires is 
reflected and the component perpendicular to the wires is transmitted. 
Beam splitter applications use these same properties, with the result -
that the wire grid is a polarizing beam splitter. 
A beam splitter based on frustrated total internal reflection (FTIR) 
has been described by Baker and Valenzuela [16], which uses two identical 
low-loss dielectric prisms which form a cube when joined together. The 
prisms are separated on a face diagonal of the cube, and the attenuation 
and resultant off-axis coupling can be varied by changing the spacing 
along this diagonal. These devices are described analytically by Fellers 
[17]. This beam splitter consists of two 90 ° prisms with a small gap 
between them. If no gap exists, an incident beam would be trausiuitted 
without change of direction, whereas in the absence of one prism, the 
incident beam would be totally internally reflected, emerging at an 
angle of 90' to the incident beam. With a gap between the prisms, 
the beam. is partially transmitted and partially reflected. Figure 14 
shows the configuration of the double-prism while the transmittance 
as a function of wavelength is shown in Figurej5. The reflected 
signal is R = 1-T. 
The double-prism can be employed for several applications. Figure 
16 shows it employed as an attenuator [18]. The attenuation as a 
function of the prism separation is given in Figure 17 for both parallel 
and perpendicular polarization, relative to the plane of incidence. The 
curves were obtained by using c = 2.54 for the dielectric constant of 
rexolite. Figure 18 shows the double-prism as a directional coupler, 
the coupling of which can be varied as a function of the prism separation. 
Figure 19 shows the prisms fed by a 300 GHz carcinotron with a horn/lens 
system. The detector is shown at the left of this figure. A micrometer 
adjusts the separation of the prisms for use as an attenuator and/or a 
directional coupler. 
Wave plates may be fabricated from birefringent materials in a manner 
similar to that used for optical retarders. Because of its good trans-
parency throughout much of the submillimeter region [19], crystalline 
quartz is a good choice for this application, but practical quartz wave 
plates may be prohibitively thick at the longer wavelengths because of 
its low birefringancy. 	For generating circular polarization, a Fresnel 
rhomb has been devised by Strauch et al [20]. This device was used to 
analyze Zeeman components in submillimeter spectroscopy, and is shown 
in Figure 20. 
3.6 Uses and Limitations of Quasi-Optics  
It appears likely that optical techniques will provide many 
of the methods required to extend the usefulness of the wavelength region 
between 10 and 1000 microns for remote sensing, spectroscopic and military 
applications. Submillimeter analogs of many optical and microwave com-
ponents are available, and concentrated effort by many workers is re-
sulting in the discovery of new techniques at a rapid pace. 
The availability of sources such as optically pumped lasers, 
relativistic electron beam devices, and extended interaction oscillators, 
will surely stimulate the development of quasi-optical techniques in the 
near millimeter spectral region. This development may not be as fast as 
that associated with the evolution of the laser in the visible and near 
infrared, because lasers are readily available and have reached a high 
level of development; and because most of the optical techniques used 
with lasers were well known before the laser was invented. 
Of the areas that should be pushed to speed up development, the 
availability of a reliable duplexer for the near millimeter spectrum 
would appear to be important. The development of suitable matching -
techniques, such as antireflection coatings; and the design of quasi-
optical microwave devices, such as isolators and circulators would 
also he helpful. 
• 
• 	 4.0 RADIOMETRY 
4.1 Theoretical Aspects  
The properties of the atmosphere, as they affect the propagation 
of near-millimeter radiation, can be characterized by the remote sensing 
technique of radiometry. In radiometric terminology the effective bright-
ness temperature of the sensed medium, called the antenna temperature, is 
determined by a radiometer. The effective background sky brightness 
temperature Tb, measured by a radiometer at altitude h with an infinitesi-
mally narrow beamwidth looking upward at zenith angle 0, is 
T = Ta(Z)T(Z) 
h 
a(Z - )sec.:: dZ' seen dZ, 
	 (2) 
in which T(Z) is the temperature of a stratum of atmosphere of thickness 
dZ located at altitude Z. The parameter a(Z) is the atmospheric absorp-
tion coefficient which depends on several factors in addition to the line 
shape factor. There is also a strong dependence on altitude because the 
density of water vapor molecules decreases rapidly with increasing alti-
tude. These dependences are discussed in detail by McMillan, et al [21]. 
Equation (2) must in general be solved numerically because of the 
complex nature of the absorption coefficient a(Z). A computer was pro-
grammed to solve this equation using the Gross analytical line shape [22], 
an empirical modification to the Gross line shape proposed by Gaut and 
Reifenstein [23], and the Schulze-Tolbert empirical line shape [24]. 
The water vapor density and temperature variables used in the calculations 
were obtained from ground level measurements made at the time radiometric 
measurements were made. 
4.2 Experimental Aspects  
A Dicke superheterodyne radiometer has been developed to measure 
the emission spectrum of atmospheric water vapor from 160 to 210 GHz. The 
radiometer, as shown in Figure 21, employs a crossed wave guide harmonic 
mixer containing a recontactable Schottky-barrier diode. The diode junc-
tion is made by a 12.7p diameter gold plated phosphor-bronze whisker etched 
into a 1p tip. Water cooled mill'imeter wave reflex klystrons, operating 
at one-half the signal frequency, are used as local oscillators to provide 
the radiometer a tuning range spanning the 183.3 GHz emission line. The IF 
output of the harmonic mixer is amplified by two Avantek AM2020-M FET am-
plifiers centered at 1.6 GHz in a bandwidth of 1.4 GHz. An Aertech 4-diode 
Schottky-barrier square law second detector provides a DC signal for syn-
chronous detection. 
A Fabry-Perot wire grid interferometer has been constructed to function 
as a tunable bandpass filter in order to effectively eliminate detecting 
signals at the third harmonic of the local oscillator. The output of the 
interferometer is focused into a conical, corrugated horn through a 77 mm 
focal length rexolite lens. The horn feeds the harmonic mixer through 
WR-5 waveguide. 
The chart-recorded output of the radiometer is calibrated at each 
measurement frequency by observing the DC output change as an ambient 
load (300 ° K) is replaced by a calibration load (98 ° K). The temperature 
difference between the ambient reference load and a calibration load 
determines a scale factor from which the antenna temperature of the sky 
can be determined. The Georgia Tech radiometer has demonstrated total 
system noise figures as low as 14 dB which corresponds to 0.22 ° K minimum 
detectable temperature. 
4.3 Comparison of Experimental with Theoretical Data  
The calculations discussed in Section 4.1 were made under the 
conditions measured at the ground based radiometer site at the time the 
radiometer measurements were made. Figure 22 shows typical results 
obtained in this way. The three curves are the calculated results using 
the Gross, modified Gross, and Schulze-Tolbert line shapes; and the 
points represent measured values of antenna temperature obtained during 
the late mornings and early afternoons of 7 July and 25 August 1977, 
respectively. Since the skirts of the water vapor absorption lines 
extend to frequencies far removed from their center frequencies, a total 
of six of the stronger lines extending in frequency up to 556.7 GHz were 
considered in the calculations. 
Figure 22 shows that none of the line shapes considered give good 
agreement with experiment, although the Schulze-Tolbert expression comes 
closest. The measurements of antenna temperature away from the absorp-
tion line peak, which show disagreement with theory, are given more cre-
dibility by the fact that the radiometer consistently measures ambient 
temperature at frequencies near the line peak, in agreement with theory. 
Measurements near the line peak therefore provide another method of 
calibrating the radiometer and serve to confirm data in the wings. This 
type disagreement has also been observed in propagation experiments in 
this frequency region, especially under conditions of high humidity. 
For a time, this excess attenuation was thought to be due to water vapor 
dimers, but it has been shown that dimers will not account for the magni-
tude of the observed attenuation. H. A. Gebbie [25] has characterized 
this disagreement as "anomalous absorption". The continued generation of 
experimental data is needed to improve the analytical models of atmos-
pheric absorption so that attenuation can be calculated with some degree 
of certainty in the near-millimeter region. 
5.0 NEAR-MILLIMETER WAVE PROPAGATION STUDIES 
The measurement of atmospheric parameters can be performed by a 
combination of techniques, which include laboratory spectroscopic 
measurements, propagation of monochromatic signals and broadband in-
coherent source propagation. Each of these processes contribute signi-
ficant information toward the understanding of the atmosphere. In per-
forming laboratory experiments, care must be taken in both the experi-
mental techniques and the interpretation of the data. 
5.1 Laboratory Measurements  
. Spectroscopy of the millimeter-submillimeter wavelength region 
is closely related to the molecular constituents of the atmosphere. 
Currently, at Georgia Tech, an extensive program on water vapor absorp-
tion is being performed. The water molecule, despite the long history 
of its spectroscopic observation, is still a difficult molecule to 
understand with respect to its contribution to atmospheric attenuation. 
Clustering, difficulties of accurately determining densities, adequacy 
of line shape theory and interaction of the molecule with the measurement 
apparatus can seriously affect the analysis of the data. As a result, 
several laboratory techniques are being employed at Georgia Tech to 
provide a broad spectral coverage, permit observations in the trans-
mission windows and on the spectral lines, and provide redundancy of 
results by a variety of techniques. Both coherent and incoherent spec-
troscopic methods are being employed. Spectrometric apparatus includes 
large Fabry-Perot spectrometers (for non-resonant absorption measure-
ments), waveguide cells for line width and line shape measurements at 
reduced pressures, parallel plate Stark cells for dipole moments and 
Fourier spectrometers for broad band measurements. 
Propagation through long cells with optically pumped lasers and a 
carcinotron complement the absorption measurements being made with the 
above apparatus. The optically pumped lasers provide a large number of 
emission lines across the submillimeter wavelength region. The techni-
que shown schematically in Figure 23 has been employed to utilize a TEA 
laser-pumped submillimeter laser for observations at discrete wave-
lengths throughout the spectral region of interest. Because of the 
amplitude instability of the TEA laser, it is necessary to provide a 
monitor of the emission before transmission through the absorption cell. 
The reference channel and signal channel outputs are averaged over 
several pulses and compared with the gas in and out of the cell. 
Detection is achieved by either pyroelectric detectors or Schottky 
barrier diodes. 
The many techniques which are available for providing data on 
atmospheric absorption should contribute significantly to an under-
standing of the absorption mechanism. However, the results continue 
to produce values which are higher than the theoretical values based 
upon a monomer water molecule. The suggestion has been made by Derek 
Martin [26] to perform measurements in the spectral region between absorp-
tion lines of molecules that do not contain hydrogen. This would 
allow the checking of line width/shape theory for molecules without 
hydrogen bonding. It would give an indication if the theory is correct 
and the hydrogen bonding in water is causing the difficulties or if 
further theoretical work is required. Currently, Georgia Tech is 
initiating a program of measurements on non-hydrogen molecules, OCS , 
CO, ICN, SO.,, N 20, NO and PF
3. These measurements will be extended 















S, before continuing the H 2O measurements. 
• 
• 
• 	 5.2 A Near-Millimeter Wave System For Propagation Studies  
5.2.1 Optically Pumped Source  
The optically pumped laser used for propagation studies 
is a pulsed device pumped by a Lumonics CO? TEA laser. The pump laser 
has an output of 2-10 joules depending on the transition, and outputs 
ranging from 35W to 25kW have been obtained with the far infrared laser, 
also depending on the transition being excited. 
Figure 94 is a sketch of the far infrared laser. The end boxes are 
machined from a single piece of aluminum to minimize leaks. The wave-
guide is a section of 38 mm glass pipe which may be chosen to be any 
convenient length up to 2 m by using standard glass pipe lengths. A 
zinc selenide window couples in the CO2 radiation, and the laser mirrors 
are made from tightly stretched square nickel meshes. For most applica-
tions, the input mesh has a period of .0625 mm and the output mesh is 
0.125 mm. The mirrors have x--y adjustments and the output mirror has 
a translation adjustment in addition. Invar rods are used between the 
end boxes for good stability. 
In testing this laser, a total of 27 lines were seen in 4 gases. 
No attempt was made to observe a large number of lines, since the pri- 
mary interest in propagation measurements lies in the atmospheric window 
regions. However, previously unreported lines were observed in C2H 9F2 
and CH3I. For most gases. a pressure of 1 to 5 torr produced good 
output. 
5.2.2 Superheterodyne Receiver  
The receiver used in conjunction with the transmitter 
described in the previous section is shown in block form in Figure 25. 
The receiver is of quasi-optical design, a Fabry-Perot interferometer 
being used to diplex signal and local oscillator radiation into a single-
ended ridged waveguide mixer. The Fabry-Perot grid spacing is adjusted 
to reflect the local oscillator frequency (110-115 GHz) while trans-
mitting the signal (220-230 GHz). The IF frequency, 6.75-7.25 GHz, is 
amplified with 60 dB of gain and then detected with a square law detector 
for video presentation of the transmitter pulse. 
5.2.3 Propagation Facility  
A meteorologically instrumented propagation range is 
being assembled at Georgia Tech to provide comparative measurements for 
wavelengths from the visible through the millimeter wavelength region. 
The following sources are being made available with appropriate receivers: 
An argon laser at 0.5 pm; 
A YAG:Nd laser at 1.06 um; 
A 10.6 um CO 2 laser; 
An optically pumped laser (outputs at several wavelengths 
across the submillimeter region); 
A 1 mm carcinotron 
A 2.1 mm klystron 
• A 3 mm klystron 
An 3 mm klystron 
Simultaneous operation of all systems is planned. 
6.0 CONCLUSIONS 
The instrumentation and measurements described in this paper are 
designed to contribute to an understanding of the atmospheric characteris-
tics relevant to applications in the near-millimeter wavelength region. 
Among these applications, for which further discussion can be given, are 
radiometric work for airborne applications for Project Storm Fury and 
ground mapping, theoretical studies of satellite radiometric observations 
of millimeter/submillimeter water lineshapes as a means of determining 
water vapor distribution, a transportable propagation facility and 
trends in military applications of near millimeter wave technology. 
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Figure 1(a). Crossed-waveguide Mixer. 
',.;AV 7a7 IDE =SS SEC=I 
Schoc:ky Barrier Diode (MC), 
Filcor 
(Passes IF's up 
o 
S1)ort Macchio); Transforner 
Diode Mouncini; Post 
nackshor: 
Figure 1(b). Ridged-waveguide Mixer. 
2ACK=RT ADSUSI:!ENT 
— IF OUTPUT 
0 ; 1 
- - -4) 
'./ 
: 	 ; , 	 • 	 ; 
I-- /4 1 
CONICAL HORN 
Fiure 2. Sharpiess-yafer 	shown wit hout diode wafer. 
Diode .! ,.D ,int ,ng Post 






.:".'Schottky 	 •irrior 
0.50 
F il ter 
1F's up 




Dimensions in Inches 
1.0') 
Con--;trtIrt tun 
s 	d. 	C11.1p 
3. 	 (D17.1,2tisioas 	 ,Ire. for 
1-00 — 220 C;:iz. 
Str 4 o"a.- Cross-Section 
























AT 163 GHz 
2 = 0.36 mm 
d = 0.13 mm 
Y = 0.28 mm 




Figure 6(a). Conical Corrugated Horn Geometry 
used in Calculations. 
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Figure 7. Schematic diagram of the Diplexer 
designed by Martin and Puplett [6]. 
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Figure 8. Quasi-Optical LO Injection Diplexer 








Figure 9. Quasi-Optical Diplexer using a square 
resonator. After Gustincic. 
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Figure 10. A directional filter quasi-





Figure 11(a). Two Pairs of Grids Forming 
an Interferometer. 
!.1 
Figure 11(b). 	Definition of Wire Grid Parameters. 
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Figure 12. Grid Interferometer transmission as a function of frequency. 
The center frequency appears to be offset because of the presence 
of a frequency dependent factor in the transmission loss term. 
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Figure 14. 	Double prism configuration. 
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FiGure 15. 	Transmittance of double-=' 
prism as function of x/d. 
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Figure 25. Superheterodyne Receiver. 





Figure 16. The Double-Prism Attenuator as 
used at millimeter wavelengths. 
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Figure 18. Optical Directional Coupler using 
the Double-Prism System. 
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FiQure 19. Double-Prism used ,Ath 300 GHz 
Carcinotron. 
Figure 20. Side View of Fresnel Rhomb used as 
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SYNOPSIS OF 
THE THIRD INTERNATIONAL CONFERENCE 
ON SUBMILLIMETER WAVES 
AND THEIR APPLICATIONS 
Guildford, England 
March 29 - April 1, 1978 
1.0 INTRODUCTION  
The third in the series of submillimeter conferences was attended 
by about 300 people from sixteen (16) different countries. Previous 
meetings in this series were held in Atlanta, Georgia in 1974 and in 
San Juan, Puerto Rico in 1976. The conference was held at the University 
of Surrey in Guildford, England, which is about thirty miles south of 
London. Meetings were conducted in three parallel sessions, but each 
day began with a general session covering a topic of wide interest. 
In this way, twenty-six different sessions were held during the three 
and one half day conference, which covered fourteen different subjects. 
Attendees from Georgia Tech were M. D. Blue, J. J. Gallagher, 
R. W. McMillan, and J. H. Rainwater. A total of seven papers were-pre-
sented by Georgia Tech personnel, including two which were based on 
work wholly or partially supported by ARO Grant DAAG29-76-G-0280. These Papers 
are listed at the end of this report. Travel Expenses of $925.00 were 
paid from grant funds for the travel of J. J. Gallagher. The other 
Georgia Tech conferees were supported by other funding. 
2.0 SESSIONS ATTENDED  
Sessions on the subjects of gas lasers; the atmosphere; electron 
beam sources; detectors, mixers, receivers; and measurement techniques 
and components were attended. A brief review of each of these sessions 
is given below. 
2.1 Gas Lasers  
The area of gas lasers has seen notable improvement since 
the last submillimeter conference. Approximately 1000 lines between 
100 GHz and 3000 GHz have been observed, and pulsed output powers of 
1 MW have been attained. CW powers of up to 0.5 W on selected wave-
lengths have also been observed. These advances were outlined in an 
invited paper by D. T. Hodges of Aerospace Corporation. 
Many of the papers in the laser sessions were devoted to tech-
niques for designing laser cavities and improving gas discharge and 
beam quality. A recurring problem in this area of submillimeter re-
search is the accurate measurement of laser output power. Wide varia-
tions of measured power from a given laser were noted when different 
measuring devices were used. The attainment of megawatt power levels 
from far infrared (FIR) lasers was reported in two different papers. 
Tunable FIR radiation has been generated by Stark tuning of the 
laser gas and by Raman scattering. In addition, second harmonic 
generation and frequency mixing has been carried out at submillimeter 
wavelengths. 
2.2 The Atmosphere  
Great interest in atmospheric effects was evidenced by the 
fact that there were three separate sessions on this subject. Anomalous 
absorption, defined as residual absorption observed after allowance has 
been made for all known phenomena, was the subject of an invited paper 
by H. A. Gebbie of Appleton Laboratories. Apparently, little progress 
has been made in explaining this absorption. 
FIR lasers are being increasingly used to measure atmospheric 
absorption, and two papers gave results of measurements of this type. 
Several papers also dealt with absorption measurements using a 
Michelson interferometer and with such measurements made with a super-
heterodyne receiver using the sun as a radiation source. Atmospheric 
• 
radiometry and the effects of the atmosphere on astronomical observations 
in the FIR were subjects of other papers. 
2.3 Electron Beam Sources 
Both relativistic electron beam (REB) and backward wave 
oscillator sources were treated in this session. A review of prin-
cipal results obtained in generating submillimeter radiation by co-
herent scattering from an intense REB was given in an invited paper 
by S. P. Schlesinger of Columbia University. A review of progress 
in the development of cyclotron masers (gyrotrons) was given by 
V. L. Granatstein of NRL. Pulsed power outputs and wavelengths ob-
tained with these devices range from 200 - 300 kW at 1 cm to 10 kW 
at 800 W11. The submillimeter backward wave oscillator or carcinotron 
was also discussed, and it was noted that a wavelength coverage of 
10 mm to 0.2 mm has been demonstrated. 
Solid state sources were also discussed during this session. 
J. J. Purcell et al, of Plessey claim that the IMPATT can be used 
as a fundamental oscillator to 300 GHz, and usable harmonic components 
enable this range to be extended to 1000 GHz at milliwatt power levels. 
K. Mizuno et al, of Tohoku University have obtained output from 
IMPATTs up to 420 GHz, including 10 mW at 200 GHz and 10 pW at 400 GHz. 
This group also reported on frequency stabilization of these devices 
at 98 GHz. 
2.4 Detectors, Mixers, and Receivers  
Reports of research on photon drag, photoconductive, pyro-
electric, Sckottky barrier, bolometer, and Josephson detectors were 
given in four separate conference sessions dealing with detectors, 
mixers, and receivers. 	In an invited paper, G. T. Wrixon of University 
College reviewed the status of Schottky barrier mixers and provided an 
enlightening overview of submillimeter wave diplexers. He also dis-
cussed quasi-optical diode mounting schemes including biconical re- 
sonators and long wire (whisker) antennas. It is interesting to note 
that a paper given by W. H. Kelly of University College showed that 
InSb Schottky barrier diodes do not perform as well as GaAs diodes 
since the advantages expected because of higher carrier mobility are 
offset by plasma resonance effects. 
Several papers dealt with open structure coupling schemes using 
long wire antennas. H. R. Fetterman et al, of MIT reported on a 
Schottky barrier diode receiver which used a corner reflector and a 
whisker which served as a long wire antenna. By using an FIR laser 
at 671 GHz for a local oscillator, they obtained a double sideband 
conversion loss of 11.9 dB. Open structure mixers were also dis-
cussed by H. Krautle et al, of Max-Planck-Institut who measured 
antenna patterns at 890 GHz. Dielectric plate antennas for Schottky 
barrier detectors were treated in a paper by Daiku et. al., of Tohoku 
Institute of Technology who built miniature Yagi antennas on dielectric 
substrates. 
2.5 Measurement Techniques and Components  
Interference filters, dielectric waveguides, Fabry-Perot 
filters, mesh gratings, and polarizers were the subjects of papers 
in this session. Metallic mesh interference filters useful to low 
temperatures were discussed by G. D. Holah et al of Heriot-Watt 
University. These filters typically have transmissions of 40 - 90% 
and bandwidths of 5 cm
-1 
(150 GHz) at frequencies of 40 - 150 cm
-1
. 
Computer analysis of metallic mesh gratings was discussed by C. H. Ma 
of the University of Mississippi who obtained analytical results on 
transmission and reflection of these devices which agree well with 
experiment. A submillimeter polarization independent beam splitter 
made of quartz was the subject of a paper by A. M. Frank of Lawrence 
Livermore. 
The paper on polarization-twisting, bandpass tunable Fabry-Perot 
filters by R. W. McMillan, C. H. Branch, and G. M. Lamb was also pre-
sented in this session. The paper was very well received,as evidenced 
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BRIEF OUTLINE OF RESEARCH FINDINGS 
During the past six months, work has been proceeding on the spectros-
copy of atmospheric constituents. Several techniques have been employed; 
these techniques and the results to date will be discussed in a paper which 
has been accepted for presentation at the Third International Conference On 
Submillimeter Waves and Their Applications to be held at Guildford, England 
on March 29, 1978. The abstract for this work is attached. A technical 
report will be prepared in April on this subject detailing the results to 
date. 
Investigations are underway on an acoustic detector which will be em-
ployed for spectroscopic work using optically pumped lasers. 
Difficulties experienced with a commercial CO 2 laser used as a source 
for an optically pumped submillimeter laser has resulted in the construc-
tion of a grating tuned 20-30 W CO 2 laser. This source is being used for 
both spectroscopy and receiver development. A quasi-optic mixer has been 
designed and delivery from Custom Microwaves is expected during March. 
This mixer will be integrated with the quasi-optic diplexer and optically 
pumped laser to form the submillimeter receiver. 
A small Fourier spectrometer has been built for use on propagation, 
spectroscopy and field trips. The instrument when completely checked out 
will provide the Army with a technique for broad band observations with 
compact, inexpensive apparatus. A technical report on this apparatus will 
be issued during the next reporting period. 
A paper has been submitted for presentation at the AGARD Symposium 
on "Millimeter and Submillimeter Wave Propagation and Circuits". A copy 
of the abstract is attached. 
A paper reviewing submillimeter techniques and applications is in 
preparation for submission to the Proceedings of IEEE. This will be com-
pleted during the month of February. 
A paper on the "Prediction of the Existence of a Sharp Peak in Water 
Vapor Emission Lines in Down-Looking Radiometry" has also been accepted 
for presentation at Guildford. The abstract for this paper is attached. 
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SUBMITTED FOR PRESENTATION AT THE AGARD SYMPOSIUM ON 
"MILLIMETER AND SUBMILLIMETER WAVE PROPAGATION AND CIRCUITS" 
WNCEPTS ANO TEG11N1QbES 
TN THE UTthIZATTON OF 
MILLIMETER AND SUISMillIMETEk WAVES 
J. H. kainwaler, 	V. McMillan and J. J. CAlagher 
Engineerinc; Experiment Station 
Georgia Institute of Technology 
Atlanta, Georgia 30132 
The attractiveness ul millimeter and submilllmeter waves for remote 
sensing, weapon guidance and other applications has given im pclen to re-
search and development of millimeter and stihmillimeLer devices and systems 
and has necessitated chara Lerization of atmospheric propagation elfects 
in the atmosphere. The evolution of quasi-optical devices and techniques 
from a synthesis of mierowavL and optical practices his proceeded along 
with the extension of more familiar microwave devices into the millimeter 
and submillimeter region. 
Georgia Tech is conducting extensive research rind development pro grams 
aimed at the goal of millimeter and submillimeter 	utilization. The 
programs described briefly below, involve atmospheric propagation and 
component development. 
SUBMILLIMETER RADIOMETRY 
A Dicke superheterodyne radiometer has been developed to measure the 
emission spectrum of atmospheric water vapor from 161) to 2.10 GHz. The 
radiometer employs a quasi-optical Fahry-Perot baudpass filter and a 
Schottky barrier crossed wave guide harmonic mixer. Theoretical calcula-
tions of the emission line shape have been performed using various models 
and compared with experimonlal data. The omi!;sLon dain can he mi ned to 
calculate atmo:Therie absorption :in the submiliimeter region due lo water 
vapor. 
QUSI-OPTLCAH 	 IHCW.11011H 
Theoretical calcillotion:; and experimental data on Fahey-Perot type 
wire grid and metal mesh devices have been performed. These devices 
can he cenCi;;ured as tunable bandpass filters, power dividers, diplexers 
and couplers in the millimeter mind suhmillimeter region. 	Qua i.-optical. 
apparatus currently being (:mploycd include Fabry-Perot spectrometers and 
wavemeLers, diplexers and aLtenuators. 
EXTENSIOS OF NICROWAVE TECHNIQUES 
The incorporation ul Schottky harrier diodes in structure suitable 
as detectors and mixer:-; in (.1 ) P millimeter and submillimeter reion!:; 
been desi ;_;ned, boil t .1nd tested at Georgia Tech. 	An airborne radiometer 
using fundamental mixing a'. l81 Glhz with system nois• ligures heeler.' 1.0 dB 
has been operated. The clyolopme,it or submillimeter, 
techniques from a study of microwave models is being performed. A suh-
millimeter optically pumped LuA2.r is employed as the Jo ,.-al oscillator, 
and a 225 Clix IMPATT 	 is an alternate soucco. 
SPECTROSCOPIC NF,ASUREIFNTS 
Spectroscopy of the 	t ‘.mielength refou is 
closely related to the molecular constituents of the atmosphere. An 
extensive program on water vapor absorption is being performed. loth 
coherent and incoherent spectroscopy are being investigated. Spectro-
meters include large Fabry-Perot spectrometers ([or non-resonant absorp-
tion measurements), waveguide cells for line width and line shape 
measurements at reduced pressures, parallel plate Starl: cells for dipole 
moments and Fourier spectrometers. Straight absorption measurements 
with an optically pumped laser and a carcinotron complement the other 
measurements. 
PIM PACAT I o N 
A mel,porolti:,,i c.t 	 rtirdt•lit 	prop,Alyli inn rnin 	 IiIii:; .:fi•:1'1 , Cd 
at Georgia Tech to provide comparative measurements for wavelengths from 
the visible through the millimeter wavelength region. The Following 
sources will be employed with appropriate receivers: 
An 	;11;fl 	ii 
A YAO:;.6 la:;r1 . at 	1.06 um 
A 10.6 um CO, laser 
An optically pumped laser operating at 830 nn 
A 1 mm Careinorron 
A 1.3 min IMPATT 
A 2.1 mm klystron 
3 Mill k 1.y3 LL- or, 
A 3 mm klystron 
Simultaneous operarloa of all systems are plinned. Descriptions 
will be given of the systems and preliminary result of measurements. 
In addirion ro the dis , nissioa of the above subject:;, descripLion 
will be given of Georgia T-el. work on a CO 2 TEA-laser optically pumped 
source 'rii outputs ior pr-pmarion at 23)) Gllz ond 	CII;;, and its 
associated superheterodyne receiver, construction o1 a portable propa-
gation inch lily. radiemerrH %-for• for airborne applicaHons for Project 
Storm Fury and ground mappilw, theorelieal studies of . : Atelti(Y radio-
metric observations of millim ,, ter/submiltimeLer water iinesbnpes as :1 
moans of determining water vapor distributions, and rhe trends suested 
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TO BE PRESENTED AT THE THIRD INTERNATIONAL CONFERENCE 
ON SUBMILLIMETER WAVES AND THEIR APPLICATIONS 
• 	 PREDICTION OF THE EXISTENCE OF A SHARP PEAK IN 
WATER VAPOR EMISSION LINES IN DOWN-LOOKING RADIOMETRY* 
J. J. Gallagher and R. W. McMillan 
Georgia Institute of Technology, Atlanta, Ga. 30332 
The height distribution of atmospheric water vapor has been the subject of 
dispute for many years. Currently, there is a substantial body of data which 





at about 20 km and then starts to increase again with increasing 
height. Based on this distribution, a technique has been proposed for the re-
mote sensing of stratospheric 11 20 which involves measuring the shape of a sharp 
peak superimposed on the 22.235 GHz emission line when observed looking upward 
from the ground. In this paper, we present analytical evidence for the exis-
tence of a similar peak superimposed on emissions from the stronger H 2O lines 
which should be observable in down-looking radiometry. The variation in shape 
of this peak as a function of the stratospheric water vapor distribution is 
analyzed. 
The background temperature T
B 
measured by a radiometer looking downward 










is the earth temperature and T(Z) is the temperature of a stratum of 
atmosphere of thickness dZ located at altitude Z. The terms of the form 
T(Z 1 ,Z 2'
6) are the optical depths between altitudes Z 1 and Z 2 
at angle 0, and 
R is the reflectivity of the earth. The term a(Z) is the atmospheric attenua- 
tion coefficient, and is dependent on a number of variables including tempera-
ture, pressure, water vapor density, and the form of the emission line shape 
parameter. The effect of an absorption continuum was not considered in these 
calculations because there is no analytical basis for its inclusion. In Equa-
tion (1), the first term is the direct emission of the atmosphere, the second 
term is atmospheric emission reflected from the earth, and the third term is 
the emission of the earth modified by the atmospheric attenuation between the 
ground and altitude h. 
Equation (1) was numerically integrated over the frequency range 100-700 
GHz to a height of 50 km using the nine strongest water vapor absorptions below 
1000 GHz, and the results of this integration are shown graphically in Figure 1. 
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at an altitude of 27 km was assumed. Note the presence of the characteristic 
peaks caused by thLs high altitude water vapor. 
The rather strange shape of the predicted emission from high altitude tl.,0 
is caused by a combination of several factors. In regions of low attenuation 
between lines, the radiometer is able to "see" far into the atmosphere to warmer 
air layers and to the earth itself. At frequencies falling on the skirts of 
the lines, absorption is greater and the radiometer sees only the colder upper 
atmospheric layers. Finally, at the line center frequencies, the absorption 
is very large and the radiometer sees only a short distance into the atmosphere. 
However, at these great altitudes, the atmosphere is warm, thus the region near 
the line center frequency shows a sharp peak in emission due to these warm 
layers. Because of the relatively high temperature and the low pressure in 
the stratosphere, it is difficult to conceive of a high-altitude water vapor 
distribution which does not exhibit these sharp peaks on emission line centers. 
Several different upper atmospheric water vapor distributions have been 
analyzed, and each gives a different emission line shape. It is not known 
whether a measured line shape could be used to determine a corresponding water 
vapor distribution, but the observation of a sharp peak in emission will al-
most certainly indicate the presence of high altitude water vapor. 
*This work was supported by the National Aeronautics and Space Administration, 
Goddard Space Flight Center, Under Grant No. NSG-5012, and by the U. S. Army 
Research Office under Grant No. DAAG29-76-G-0280. 





FREQUENCY IN GlIz 
Figure 1. Calculated background temperature due to water 
vapor observed from an altitude of 50 km. 
TO BE PRESENTED AT THE THIRD INTERNATIONAL CONFERENCE 
ON SUBMILLIMETER WAVES AND THEIR APPLICATIONS 
SUBMILLIMETER SPECTROSCOPY 
OF 
ATMOSPHERIC WATER VAPOR 
R. Rogers, P. Reinhart, H. Rainwater, 
O. Simpson, W. Penn and J. Gallagher 
Engineering Experiment Station 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
A study of the attenuation of submillimeter radiation by water 
vapor is reported. The window regions of 125 - 160 GHz, 210 - 270 GHz 
and 320 - 370 GHz have been investigated by Fabry-Perot interferometry, 
line shapes and half widths have been studied by waveguide cell tech-
niques, and monochromatic measurements at single frequencies have been 
performed by optically pumped lasers, IMPATTS, klystrons and a carcino-
tron. Absorption due to water vapor alone or mixed with atmospheric 
vapors has been investigated. These experimental measurements are 
compared with theoretical calculations based on both Gross and Van Vleck - 
Weisskopf line-shapes. A discussion of the discrepancy between theore-
tical calculations and experimental measurements is given. 
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BRIEF OUTLINE OF RESEARCH FINDINGS 
During the reporting period from 1 July, 1978 - 31 January, 1979, in-
vestigations continued on spectroscopic investigations of H 2 O employing both 
optically pumped laser techniques and conventional millimeter wave techniques. 
Improvement of the optically pumped laser techniques for superheterodyne 
receiver/radiometry systems has continued, but this work has been delayed by 
construction of a quasi-optical mixer. The following work has been performed 
during this period: 
1.) A paper on work jointly sponsored by ARO and NASA was presented 
by R. W. McMillan at the AGARD Symposium in Munich, Germany on September 5, 
1978. The abstract of the paper, published in the AGARD Conference Preprint 
No. 245, "Millimeter and Submillimeter Wave Propagation and Circuits", is 
attached. A trip report and review of the conference, prepared by McMillan, 
is attached. 
2.) A paper on a "Submillimeter Wave Transmitter/Receiver System", 
was presented at the Laser '78 conference. The abstract is attached. 
Whereas the work was sponsored by MIRADCOM, the TEA Laser - optically pumped 
FIR Laser has been used for spectroscopic investigations on this program and 
will continue to be employed for the remainder of the task. The configura-
tion in which it is employed is shown in the figure below the abstract. 
3.) An investigation of the optical constants of liquid water with 
an optically pumped laser was performed by 0. A. Simpson of this laboratory 
during the past period in conjunction with the Emory Physics Department. 
An abstract is attached of the work performed. A paper is in preparation 
and the work will be presented at the March APS meeting in Chicago, Illinois. 
4.) A talk was presented at the Optical Society of America (Washington 
D. C. Chapter) on "Optical Techniques in the Near-millimeter Wave Region", 
describing techniques which include those currently being employed on this 
program. 
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5.) Measurements were performed, at the request of Dr. Ed Stuebing 
of the Chemical Laboratory, Aberdeen Proving Ground, on film material 
which he supplied. The film was checked for transmission and reflection 




and compared with the values obtained for a clear sheet of 
material. 
6.) A group of papers has been accepted for presentation at the 
MIRADCOM Workshop on Atmospheric Effects on Missile Guidance to be held 
in March, 1979. They do not cover work performed under this program 
but are of interest to the general subject of Millimeter/Submillimeter 
Technology. For this reason, abstracts of the papers are attached. 
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CONCEPTS AND TECHNIQUES 
IN THE UTILIZATION OF 
MILLIMETER AND SUBMILLIMETER WAVES 
J. H. Rainwater, R. W. McMillan and J. J. Gallagher 
Georgia Institute of Technology 
Engineering Experiment Station 
Atlanta, Georgia 30332 
SUMMARY  
Extended microwave techniques have resulted in the cross-waveguide 
and ridged-waveguide harmonic mixers for the higher millimeter wave fre-
quencies in addition to single-ended fundamental mixers, all employing 
Schottky-barrier diodes. The newly developing technique of subharmonic 
pumping of an antiparallel diode pair promises to ease the problem of 
insufficient local oscillator power. Quasi-optical techniques are being 
developed to provide more efficient energy coupling, filtering and 
directing components to replace the poorly performing waveguide devices 
above 100 GHz. Radiometry as a remote sensing tool is revealing proper-
ties of the atmosphere which are not characterized adequately by theory. 
Propagation measurements in the submillimeter show attenuation to be some-
what greater than previously believed. A millimeter-submillimeter trans-
mitter and receiver system for propagation studies has been constructed 
at Georgia Tech with an optically pumped laser as a source and a quasi-
optical superheterodyne receiver. 
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TRIP REPORT 
AGARD SYMPOSIUM AND SEVERAL EUROPEAN LABORATORIES 
2-17 September, 1978 
Robert W. McMillan 
This trip was made for two reasons: (1) to attend the Symposium 
on Millimeter and Submillimeter Wave Propagation and Circuits sponsored 
by the Advisory Group for Aerospace Research and Development (AGARD) of 
the North Atlantic Treaty Organization, and (2) to visit several Euro-
pean laboratories doing infrared, submillimeter and millimeter wave 
research. A paper entitled "Concepts and Techniques in the Utilization 
of Millimeter and Submillimeter Waves" was presented at the Symposium. 
The visits to other laboratories in Europe were accomplished at little 
additional cost because of the savings in air fare effected by staying 
in Europe for two weeks instead of one week. 
James J. Gallagher of the Engineering Experiment Station at Georgia 
Tech was originally scheduled to make this trip, but was forced to with-
draw on the day before leaving because of an illness in his family. 
Robert W. McMillan, who co-authored the paper presented at the meeting, 
went in his place. 
In the balance of this report, discussions of the pertinent papers 
presented at the conference, together with descriptions of the visits to 
the various laboratories, are presented in some detail. 
The AGARD symposium was attended by about 140 people. The meeting 
opened with-a session on Military Systems and Applications in which 
several papers of interest were presented. N. Currie and F. Dyer of 
Georgia Tech presented a paper on the effects of the environment on 
millimeter wave performance in which they discussed radar clutter and 
propagation through adverse weather and snow. L. Cram of EMI in England 
presented two very interesting papers on the development of model radar 
systems between 30 and 900 GHz and on microwave holography. This latter 
technique has some promise in microwave imaging if large detector arrays 
can be built. 
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A session on solid state sources included papers on both IMPATT 
and Gunn oscillators. J. Ondria of TRG reported on results obtained 
with a wideband mechanically tunable 75-110 GHz CW Gunn Oscillator. 
T. T. Fong of Hughes Aircraft gave a paper on Hughes IMPATT devices 
above 100 GHz. 
Submillimeter receivers were treated in the next session and very 
interesting papers were given by N. Keen of Max-Planck-Institut and 
K. Kuenzi of the University of Bern. Keen discussed recent advances 
in millimeter wave Schottky barrier mixers and described some new 
techniques which give improved performance, resulting in the "Mottky" 
diode, which is apparently a combination of a metal oxide - metal and a 
Schottky barrier diode. Kuenzi described a 230 GHz subharmonic mixer 
built by himself, H. Berger, and Martin Schneider at the University 
of Bern. Schneider was formerly at Bell Laboratories and did the 
pioneering work on the subharmonic mixer. The mixer described in their 
paper is very similar to the device being developed at Georgia Tech and 
has achieved a conversion loss of 9 dB DSB. 
The paper by Rainwater, McMillan and Gallagher of Georgia Tech was 
presented in a session on New Technologies and Integration Techniques. 
Component development, propagation, radiometry, and quasi-optics were 
discussed in this paper which appeared to be very well received. Most 
of the balance of this session was devoted to integrated circuits and 
microstrip techniques. 
Short sessions on Components and Circuits, Tubes, and Special 
Devices were next in the program. Millimeter backward wave oscillators 
or carcinotrons were treated by B. Epsztein of Thomson - CSF, and gyrotron 
oscillators were discussed by V. Granatstein et al of the Naval Research 
Laboratory. Papers on the subject of millimeter wave optically pumped 
lasers were given by R. Devinne and J. Mahieu of France and earlier by 
Dean Hodges of the Aerospace Corporation. 
The conference concluded with a session on propagation which in-
cluded a paper by W. Keiser et al of the Netherlands comparing theoreti-
cal and experimental results on propagation through rain at 94 GHz. 
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Measurements of sea reflectivity and rain attenuation at 81 GHz were 
discussed by R. Sherwell of England, and an interesting paper on rain 
attenuation at 74 GHz was given by M. Kharadly et al of the University 
of British Columbia. 
The symposium ended at noon on Friday, and a visit was made on 
Friday afternoon to the Siemens Company division in Munich which makes 
carcinotron (backward wave) oscillators. The progress of Siemens in 
this area was discussed with Erich Glas and Peter Burger, who stated 
that they are in the process of developing a tube which will cover the 
range 110-170 GHz. Tubes are currently marketed which extend in fre-
quency to 110 GHz. Several years ago, they began development of a 
400 GHz tube, but were forced to abandon the effort because of a lack 
of funds. Although Thomson-CSF has built tubes which operate at much 
higher frequencies, the Siemens tubes have the advantage of requiring 
lower acceleration voltages and less complicated power supplies. 
On Monday 11 September, Professor Dr. Fritz KneubUhl of the Swiss 
Federal Technical Institute in Zurich was visited. His group has been 
very active in the infrared and submillimeter technology areas, and has 
lately performed some interesting work on shock waves in liquids. Professor 
KneubUhl has built a transversely excited HCN laser and a balloon-borne 
solar radiance measuring experiment. A novel method of stabilizing a CO 2 
 pump laser for a far infrared laser using a gain cell filled with the 
FIR laser gas was also in use at this laboratory. 
The Max-Planck-Institut (MPI) in Stuttgart was visited on 12 September, 
and the work at this laboratory was discussed with Drs. Fritz Keilmann, 
David Mead,"and Mark Johnson. Dr. Keilmann has been active in CO 2 laser 
work, but has recently been studying biological effects of millimeter 
wave radiation. He has found that the growth rates of some bacteria are 
enhanced and those of others are retarded by irradiation with millimeter 
waves. Dr. Mead has constructed a dual beam far infrared spectrometer 
and has used it to measure transmission of many materials in the FIR. 
Dr. Ludwig Genzel of MPI is building a microwave dual beam spectrometer 
which uses several of the Siemens BWO tubes as sources. 
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The European Space Agency at Noordwijk, Holland was visited on 
13 September and Drs. Thijs De Graauw, Frans Van Vliet, and Swer 
Lindholm were contacted. Frequency locking of the Thomson-CSF car-
cinotron oscillators was discussed with Dr. DeGraauw. Apparently, 
no one else has been able to accomplish this type of locking. This 
group is in the process of building a 230 GHz receiver. Their mixers 
are very similar to the Georgia Tech split block mixers, and they 
have achieved conversion losses of about 9 dB derived from a double 
sideband noise figure. Dr. Van Vliet has built InSb bolometer detectors 
for 230 GHz with lower conversion loss, but the bandwidth of these de-
vices is limited to about 1 MHz. 
On Thursday 14 September, a visit was made to Appleton Laboratory 
in England. The work at this laboratory was discussed with Drs. Ron 
Bohlander, Alistair Gebbie, and Roger Emery. This laboratory has 
traditionally done extensive work in millimeter wave and infrared 
propagation, and has several propagation experiments running simul-
taneously. They are also building Schottky-barrier mixers using 
diodes furnished by G. T. Wrixon, but have no performance results at 
the present time. 
The European Millimeter Diode Laboratory at University College 
in Cork, Ireland was visited on 15 September. Drs. G. T. Wrixon and 
William Kelley discussed the fabrication of gallium arsenide Schottky-
barrier mixer diodes. It appears that this laboratory is hampered by 
the lack of millimeter wave test equipment to measure diode performance. 
At present, diodes are sent to Max-Planck-Institut in Bonn, Germany for 
RF charactei-ization. 
The trip was concluded in Atlanta on 17 September. The total cost 
of the trip was $1,969.16 of which $700 was paid by NASA grant NSG-5012 
(internal project no. A-1642) and the balance was divided equally between 
internal accounts H-240-300 and H-240-100. 
A SUBMILLIMETER WAVE TRANSMITTER/RECEIVER SYSTEM* 
R. W. McMillan, M. J. Sinclair, J. H. Rainwater, 
E. A. Pickens, G. R. Loefer, J. J. Gallagher, R. G. Shackelford 
Georgia Institute of Technology 
Engineering Experiment Station 
Atlanta, Georgia 30332 
G. T. Wrixon 
Department of Electrical Engineering 
University College, Cork, Ireland 
ABSTRACT  
The availability of stable, relatively high power optically pumped 
far infrared lasers has provided a valuable tool for spectroscopic and 
propagation measurements in the wavelength range between 100p and 1 mm. 
Likewise, the refinement of the gallium arsenide Schottky barrier mixer 
diode, along with several techniques for coupling power into these de-
vices, has given a means of receiving power from these lasers with good 
sensitivity. This paper describes a transmitter/receiver system which 
uses a pulsed, optically pumped laser as the transmitter and a GaAs 
Schottky barrier diode mixer as the receiver. The laser is pumped by a 
transversely excited atmospheric pressure (TEA) CO2 laser which has an 
output of 8 joules on the strongest lines. The receiver uses a 115 GHz 
klystron local oscillator which is harmonically mixed with the signal at 
either 239 GHz or 337 GHz to give an IF output of 7 GHz. A quasi-optical 
Fabry-Perot diplexer is used to couple signal and local oscillator into 
the mixer. During the course of this work, three far infrared transitions 
were observed which had not been previously reported in the literature. 
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Fig.23 Apparatus used for Far infrared absorption measurements using a 
pulsed Far infrared laser 
10 
FAR INFRARED MEASUREMENTS OF THE OPTICAL CONSTANTS 
OF LIQUID WATER WITH AN OPTICALLY PUMPED LASER* 
O. A. Simpson, B. L. Bean; and S. Perkowitz 
Physics Department 
Emory University 
Atlanta, Georgia 30322 
A tunable far infrared optically pumped laser has been used 
to measure the reflection R and transmission of liquid water at 
25°C. The laser covered the range 8.22 to 175.7 cm -1 with an 
average spacing between lines of 8 cm-l . The optical data were 
used to find the complex index of refraction n-ik with typical 
errors of 2%. A small peak in n was observed near 55 cm
-1 . This 
feature is correlated with other published infrared and Raman data 
and is strongly temperature dependent. The values of R, n, k and 
the absorption coefficient a are given in graphical and tabular form. 
*Work partially supported by the Army Research Office. 
-I-Present Address: Science Applications Inc. 
Drawer E 
White Sands Missile Range, New Mexico 88002 
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THE EFFECTS OF ATMOSPHERIC TURBULENCE 
AND ADVERSE WEATHER ON 
NEAR-GROUND 94 AND 140 GHz SYSTEMS* 
Donald E. Snider 
U. S. Army Atmospheric Sciences Laboratory 
White Sands Missile Range, New Mexico 
James C. Wiltse and Robert W. McMillan 
Georgia Institute of Technology 
Engineering Experiment Station 
Atlanta, Georgia 30332 
During measurements of millimeter wave propagation through battle-
field dust made during the recent DIRT I tests at White Sands Missile 
Range, clear air signal fluctuations of up to + 2 dB were observed. These 
fluctuations are thought to be due to atmospheric turbulence, and may be 
explained by using the theory developed by Armand [1] and other authors. 
This theory is compared to the DIRT I experimental results, using 
appropriate choices for the atmospheric parameters. Based on this 
theory, an estimate of the variance of angle of arrival fluctuations 
is also given. 
Using standard methods for relating attenuation to rain and fog, 
climatological information for the Fulda region of West Germany has 
been used to estimate performance degradation for 95 and 140 GHz systems. 
Between five and ten percent of the time, depending on the month, a 
light rain (up to 3 dB/km) will be falling. A thick fog with visibility 
less than 100 m occurs on the average less than four percent of the 
time. Due to the nature of the data base, these fog occurrences must be 
treated as upper limits. 
1. N. A. Armand, A. O. Izyumov, and A. V. Sokolov, "Fluctuations of 
Submillimeter Waves in a Turbulent Atmosphere", Radio Engineering 
and Electronic Physics, Vol. 16, No. 8, pp 1259-66, (August 1971). 
*This work was supported by the U. S. Army Atmospheric Sciences Laboratory 
and by Battelle Columbus Laboratories under Contract No. DAAG29-76-D-0100. 
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MEASUREMENTS OF ATTENUATION DUE TO SIMULATED 
BATTLEFIELD DUST AT 94 AND 140 GHz* 
J. J. Gallagher, R. W. McMillan, and R. C. Rogers 
Georgia Institute of Technology 
Engineering Experiment Station 
Atlanta, Georgia 30332 
Donald E. Snider 
U. S. Army Atmospheric Sciences Laboratory 
White Sands Missile Range, New Mexico 
During the fall of 1978, a series of measurements, called DIRT I, 
of electromagnetic wave propagation through simulated battlefield dust 
were conducted at White Sands Missile Range. This paper gives an 
overview of the entire DIRT I tests as well as detailed results of 
those tests for millimeter wave (94 and 140 GHz) frequencies. 
Attenuation measurements were made over an instrumented 2 km range. 
In the center of the range, explosive charges of different sizes were 
detonated, and the resulting signal level was compared to that existing 
before the explosive event. Measurements were also made of attenuation 
caused by artillery shells fired into the center of the range, and of 
that caused by burning diesel oil and rubber. 
Both magnitude and duration of attenuation were found to vary with 
the amount of the explosive, sometimes reaching 30 dB and 20 seconds 
respectively. Copies of chart recorder tracings showing attenuation of 
both explosion products and oil smoke are presented. Oil smoke propa-
gation measurements show scintillations of 3 to 5 dB. 
*This work was supported by the U. S. Army Atmospheric Sciences Labor-
atory through Army Research Office Contract N. DAAG29-77-C-0026 
TIME: 20 Minutes 	 Visual Aid: Overhead Projector 
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TWO PROBLEMS IN UNDERSTANDING 
THE ROLE OF WATER DIMERS IN ATMOSPHERIC ABSORPTION* 
R. A. Bohlander 
Georgia Institute of Technology 
Engineering Experiment Station 
Atlanta, Georgia 30332 
ABSTRACT  
A model of the water dimer having a single linear hydrogen bond 
has been used to predict the pure rotation and rotation-vibration band 
absorption by this species. Using Fourier spectroscopy, we have looked 
for this in the difference between measured and predicted absorption by 
water molecules in the wavenumber ranges 8 to 50 cm
-1 
(240 to 1,500 GHz) 
and 300 to 600 cm-1 . However, the present model of dimmer absorption does 
not satisfactorily account for the excess observed absorption by water 
vapor in the laboratory or by the atmosphere containing water vapor. 
The nature of the disagreement is different in laboratory and field 
studies. When equilibrium samples of water vapor are studied in the 
laboratory, the temperature dependence and over all magnitude of excess 
observed absorption are in reasonable agreement with prediction for 
dimers, but the shape of the spectrum is very different. This suggests 
that the average molecular pair structure is different at normal tempera-
tures from the ground state structure of dimers found by Dyke and others 
in 1977 in molecular beams. It is well-known that excess absorption 
will be found in the atmosphere when comparison is made with predictions 
for known constituents. Even if laboratory spectra of water vapor are 
used to improve the predictions, there is a residual observed. It is 
characterized by more variability and a steeper temperature dependence 
than can be attributed to equilibrium concentrations of water dimers. 
Nevertheless, there are indications the residual may be due to water 
substance in some form. 
TIME: 20 Minutes 	VISUAL AID: Slide Projector (2 x 2) or Overhead Projector 
*Work performed at Appleton Laboratory, Slough, England. 
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NEAR MILLIMETER WAVE MOBILE 
MEASUREMENT FACILITY (NMMW/MMF)* 
J. J. Gallagher, W. M. Penn and L. C. Bomar 
Georgia Institute of Technology 
Engineering Experiment Station 
Atlanta, Georgia 30332 
ABSTRACT  
The Near Millimeter Wave Mobile Measurement Facility (NMMW/MMF) 
will provide the means for performing measurements in the near milli-
meter wavelength region at various locations where there are weather 
conditions of interest or where smoke tests may be conducted. The MMF 
will consist of two vans and will contain transmitters, backscatter 
receivers and one-way video link receivers at 3.2 mm, 2.1 mm, and 1.3 
mm wavelengths. In addition, broadband coverage (A , 3 mm - 0.7 mm) will 
be simultaneously performed with a Fourier Transform Spectrometer (FTS). 
The MMF will be accompanied by the ASL meteorological van and its data 
collection and processing system will interface with that of the ASL 
van. 
The design of the entire MMF has been established, the performance 
of the NMMW systems analyzed, and the measurement capability of the 
facility determined. The capabilities of the MMF include attenuation 
measurements (one-way transmission and temporal fluctuations - short 
term at ti 200 Hz or greater rate), backscatter from rain/other hydro-
meteorites, multipath effects, clutter, target scintillation, doppler 
spectral characteristics and bistatic operation. The data processing 
system will permit on-site calculation of effects on the near milli-
meter wave signals. This paper will present a discussion of the project 
status, provisions made for additions to the MMF and the schedule for 
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completion and availability of the facility for measurements. 
*This work is sponsored by the Harry Diamond Laboratories under 
Contract No. DAAG39-78-C-0044. 
TIME: 15 Minutes 
VISUAL AID: Overhead Projector 
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SEASONAL ATMOSPHERIC EMISSION 
AT 94 GHz* 
J. Hank Rainwater, J. J. Gallagher, P. B. Reinhart 
Georgia Institute of Technology 
Engineering Experiment Station 
Atlanta, Georgia 30332 
A novel beam-waveguide millimeter radiometer feeding a 10 foot 
parabolic dish has been used to measure seasonal atmospheric emissions 
at 94 GHz. The radiometer incorporates a beam waveguide in the RF 
section which allows Dicke switching and calibration to be accomplished 
at the focal points between the beam waveguide lenses. A unique 
directional waveguide filter, designed and built at Georgia Tech, using 
a single circularly polarized cavity is used to inject the LO into a 
Schottky barrier mixer. The radiometric antenna half-power beamwidth 
is under 0.1°, thus these measurements represent atmospheric variations 
occurring within small spatial elements. Measurements to date have 
been made during high humidity, summertime conditions and show large 
emission variations due to clouds and other atmospheric conditions. 
Ground based measurements at the zenith and celestial equator with 
varying data integration times have been made. Antenna temperatures of 
the solar radiosphere have also been measured at a variety of azimuthal 
angles and atmospheric conditions. Theoretical calculations incorporating 
state-of-the-art H 20, 02' and 0 3 absorption line shape expressions, water 
vapor distribution, temperature and pressure profiles, have been per-
formed and exhibit a disparity with experimental measurements. 
During February (1979) measurements will again be performed emphasizing 
temporal atmospheric fluctuations with high spatial resolution. The 
empirical measurements will be reduced into a variety of formats including 
a power spectral density plot to aid understanding of atmospheric "clutter". 
Theoretical calculations will be compared with the measurements and 
differences analyzed. 
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*This measurement program is funded by the Naval Research Laboratory 
under Contract No. N00173-78-C-0165 to the Georgia Institute of 
Technology. 
TIME: 20 Minutes 
VISUAL AID: Overhead Projector 
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BRIEF OUTLINE OF RESEARCH FINDINGS 
During the last six month period of the Grant, work was performed 
on the spectroscopy of water in both liquid and vapor state. These 
investigations were performed with an optically pumped laser as the 
submillimeter radiation source. The details of this work have been 
presented in the following Conference papers and journal submissions: 
1. O. A. Simpson, B. L. Bean and S. Perkowitz, "Far Infrared Optical 
Constants of Liquid Water Measured With An Optically Pumped Laser," 
accepted for publication in the Journal of the Optical Society of 
America - December, 1979 issue. 
2. O. A. Simpson, R. A. Bohlander, J. J. Gallagher and S. Perkowitz, 
"Measurements of Far Infrared Water Vapor Between Lines With An 
Optically Pumped Laser," presented at The Conference on Microwave 
Spectroscopy and Coherent Radiation, Duke University, June, 1979 
and submitted to the Journal of Physical Chemistry. 
3. R. A. Bohlander et al, "Excess Absorption by Water Vapor and 
Comparison With Theoretical Dimer Absorption," Proceedings of the 
Workshop on Water Vapor, Vail, Colorado, September 11-13, 1979. 
4. O. A. Simpson, R. A. Bohlander, J. J. Gallagher and S. Perkowitz, 
"Submillimeter 	Spectroscopy of Water Vapor," Conference on 
Microwave Spectroscopy and Coherent Radiation, Duke University, 
June, 1979. 
5. O. A. Simpson, B. L. Bean and S. Perkowitz, "Submillimeter Laser 
Spectroscopy of Liquid Water," The Conference on Microwave 
Spectroscopy and Coherent Radiation, Duke University, June, 1979. 
6. J. J. Gallagher, "Applications of Millimeter and Submillimeter 
Spectroscopy to Atmospheric Propagation," Conference on Microwave 
Spectroscopy and Coherent Radiation, Duke University, June, 1979 
(Invited Paper). 
7. O. A. Simpson, S. Perkowitz, R. A. Bohlander and J. J. Gallagher, 
"Far-Infrared Laser Spectroscopy of Water Vapor and Liquid Water," 
Digest of the Fourth International Conference on Infrared and 
Millimeter Waves, Miami, Florida, December 10-15, 1979. 
3 
These measurements with the optically pumped laser are the initial 
measurements of this nature and will be extended to obtain detailed data 
on atmospheric absorption. The work is part of the requirements for the 
doctorate degree of O. A. Simpson. 
A quasi-optical diplexer and bi-conical Schottky barrier mixer have 
been constructed and are undergoing tests with an optically pumped laser 
as local oscillator. This work will be reported when final results are 
obtained. 
Two manuscripts currently in preparation have been partially 
supported by ARO. Copies of these will be forwarded to the ARO Physics 
Division upon completion. They are a paper on Submillimeter Wave 
Techniques, for the Proceedings of the IEEE, and one on Quasi-Optics, 
which will be a chapter in the Academic Press series on Millimeter 
through IR Physics. 
During the course of this program, many topics on submillimeter 
spectroscopy and techniques have been investigated and reported in 
previous semi-annual reports. Many of these topics have potential 
applications in the area of NMMW military systems. A paper, presented 
at the 1979 IRIS Conference and at the 1979 SPIE Conference as invited 
papers, shows the importance of spectroscopy related to atmospheric 
effects and research on technology in this spectral region. This paper 
is a result of partial support by HDL under ARO Contract No. DAAG29-77- 
C-0026. A technical report presenting an overview of the research 
performed under this grant is in preparation and will be submitted to 
the ARO Physics Division. 
ACCEPTED FOR PUBLICATION IN THE JOURNAL 
OF THE OPTICAL SOCIETY OF AMERICA 
FINAL VERSION 
FAR INFRARED OPTICAL CONSTANTS OF LIQUID WATER 
MEASURED WITH AN OPTICALLY PUMPED LASER* 
O. A. Simpson, B. L. Bean,t and S. Perkowitz 
Physics Department 
Er:ory University 
Atlanta, Georgia 30322 
A tunable far infrared optically pumped laser has been used to measure 
the reflection R and transmission of liquid water at 25 °C. The laser 
covered the range 8.22 to 175.7 am-1 with an average spacing between 
lines of 8 cm-1 . The optical data were used to find the complex index 
of refraction n-ik with typical errors of 2%. A small peak in n was 
observed near 55 cm7 1 . This feature correlates with published Raman 
data. The values of R, n, k and the absorption coefficient a are given 
in graphical and tabular form. 
*•ork partially supported by the Army Research Office under Grant No. 
DAAG29-76-G-0280: 
tPresent address: Science Applications Inc., Drawer E, White Sands Missile 




Liquid water absorbs so heavily in the far infrared (FIR) range that 
it 	difficult to accurately -=, asure its transmission. 	Many workers 
have determined the complex index of refraction n-ik with varying 
degrees of precision.
1 
Afsa- and Masted (AH) have avoided the absorp- 
tion problem by using reflection dispersive Fourier transform spectroscopy. 
They first measured n-ik at a water temperature of 19 ° C
2 
 and later accurately 
found n-ik at 4,30, and 57 ° C. An alternate method is to directly measure 
the transmission through a sizable water pathlength with a high power 
optically pumped FIR laser. Since free surface reflection measurements 
are also feasible with a laser, FIR laser spectroscopy gives n-ik in an 
elegantly simple manner. In this paper we present laser results between 
8.22 and 175.7 cm-I at a water temperature of 25 °C. Our data are superior 
to the previously reported results at this temperature,
4 
provide better 
low frequency coverage than was available to AH, and give evidence for a 
temperature dependent low frel:uency feature near 55 cm-1 . The general agreement 
between the results of AH and our data is so good as tc confirm the validity 
of both experimental techniques. 
II. EXPERI=TTAL METHODS AND RESULTS 
A block diagram of the e=erimental apparatus is shown in Fig. 1. 
A 25 W CO
2 
laser drives a 	laser of the waveguide type. Details of 
this laser spectrometer (and early water measurements) have been previously 
reported, 5,6 but some improvements have been made. A new CO
2 
laser was 
constructed with a PZT mounted ZnSe mirror to allow tuning of the line 
6 
3 
center frequency to match the absorption transition frequency. Sampling 





laser to be frequency stabilized so as to keep the FIR power constant. 
This helped to eliminate amplitude fluctuations in the FIR laser output 
caused by instabilities in the CO
2 laser. An opto-acoustic detector
7 on 
the FIR cavity aided in tuning difficult absorption transitions. 
The main signal entered the Fabry-Perot interferometer (FP) which 
was• used both to measure the wavelength and as a filter to eliminate 
unwanted wavelengths that may have lased simultaneously with the desired 
signal. The FIR beam was then divided by BS 2 . The reference signal IB , 
after detection and amplification by a Golay cell and lock-in amplifier, 
entered the denominator channel of the ratiometer PA. The signal I A 
 was, as will be described, reflected from or transmitted through the 
water sample and then detected by another Golay cell. This signal, 
after lock-in amplification, tecame the numerator signal in the ratiometer. 
This ratioing process was important in eliminating additional source 
fluctuations in the FIR power level. Values of I A/IB from the ratiometer 
were the basic experimental signal. 
Although there are hundreds of optically Pumped FIR lines arising 
from dozens of pumped media, it is simplest to work with only a few media 
when possible. We obtained 23 FIR lines between 8.22 and 175.7 cm-1 using 
only four pumped gases as has been fully described elsewhere. 8 This 
frequency range and coverage is comparable to that available to AH 
in their dispersive Fourier work. 
Free surface measurements of the reflection coefficient R were made 
7 
4 
on distilled water at 25+1 °C. 7irror deflected the FIR beam to near-
normal incidence with the horizontal water surface and a second mirror 
directed the reflected beam into the detector. The 7.5 ° incident angle 
was small enough that the assemption of normal incidence introduced a 
negligible error. In additicn, the FIR radiation was unpolarized which 
further decreased this error. The water was placed in a container 
several mm deep, so that the lack  surface reflection was totally 
negligible. The water container could be replaced when desired with a 
standard reflector, a gold coated mirror of 99.+ 1% reflectivity. The 
coincidence of the water and mirror surfaces on interchange was constantly 
monitored by the reflection of a fixed HeNe laser beam. 
For each FIR frequency several values of IA/IB were determined for 
reflection from the water surface and reflection from the standard mirror. 
The ratio of the two values of I A/T B then yielded R with typical random 
errors under 1%. The measured values are given in Table I. 
An adjustable pathlength cell with crystalline quartz windows was 
used in the transmission measurements. The cell was mounted on a transla- 
tion stage-fixed stage arrangement with a high accuracy (0.002 mm/division) 
micrometer head screw drive. A dial gauge, attached directly to the cell 
housing, gave a second determination of pathlength changes for comparison 
with the micrometer drive. Values of 
IA/IB were measured at increments 
of 5pm to an accuracy of lum over an average change in pathlength of 60um. 
These data made it possible to determine the Lambert absorption coefficient 







where x is the pathlength. An error weighted least squares fit was applied 
to the data at each laser frequency f to determine a(f) and the associated 
error, typically 2%. The resulting values of a are shown in Fig. 2. 
Values of k = e/ 14cf were calculated from the measured absorptions and 
together with the appropriate R, were used to determine n from the normal 
incidence expression: 
2 1 + R 	1R 	
- (k 2+1)]
1/2 
n - 	+ [(+ I-7R 1 R (2) 
The results are plotted in Fig. 3. Numerical values of all the measured 
and derived optical quantities are given in Table I. 
III. DISCUSSION 
Our data at 25 °C are in excellent agreement with those ofAH 3 at 30 °C. 
Other published data near 25 °C disagree strongly with these combined results. 
The 19 °C values AH
2 
found for n are well below the present data between 50 
and 150 cm .1  and even lie below their own later 4°C data between 70 and 
150 cm- 1 . The Downing and Williams 1 values for n at 27 °C, on the other 
hand, are significantly greater than the present results above 100 cm -1 . 
These conflicting observations could be reconciled only if the FIR properties 
of water show radical and non-monotonic temperature dependences between 4 and 
30 °C. This possibility remains to be explored, but the good agreement between 
the present data at 25 °C and the AH data at 30°C suggests that the results at 
19 and 27 °C are experimental anomalies. 
An interesting feature of the laser results is the small maximum in n 
near 55 cm-1 . Raman measurements 10 ' 11 ' 12 have shown the presence of a small 
peak near 60 cm-1 at 25 °C but earlier FIR data
4 
do not exhibit this feature 
because of the relatively poor signal-to-noise ratio. The peak magnitude is 
9 
6 
clearly greater than the ran 	error In our measurements, however. 
CnNCT.UCTT:S 
Our laser measurements 	n and k at 25 °C are in excellent agreement with 
the 30 °C reflection dispers: 	Fouriee- data of Afsar and Hasted. The random 
errors in the measurements a comparable. Assuming that there is no strong 
temperature dependence in th, 	 opical properties of water in this 
temperature range, the agreemnt attests to the validity of both experimental 
techniques. 
Our data exhibit a low f- quency peak near 55 cm-1 which appears to 
correlate with similar strus :_re seen in Raman data. The Raman peak is 
believed to arise from hydro. - - bond stretching and bending motions.
10 
We 
have begun to examine the peak behavior Ill making multi-oscillator, relaxation 
model, and Kramers-Kronig ani:,.ses of our highly accurate reflectivity data. 
Preliminary results suggest 	relaxation rather than resonant effects 
dominate in this frequency r• 	on. This :.nalysis is continuing and we plan also 
to study the position and an -- tulle of taw peak vs temperature. The laser 
spectrometer will be used for 'urther accurate measurements as a function of 
temperature,with potential for shedding liTht on basic molecular processes 
in water. 
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f( cm-1 ) A(um) R a(cm
-1) n k 
8.2 1217 0.297 121 2.857 1.174 
11.2 890 0.249 150 2.462 1.062 
13.1 764.1 0.228 148 2.437 0.902 
14.3 699.5 0.228 171 2.383 0.950 
17.5 570.5 0.201 173 2.306 0.784 
21.2 471 0.191 199 2.252 0.746 
24.0 417 0.185 215 2.231 0.714 
24.6 406.4 0.184 206 2.267 0.665 
26.8 372.7 0.179 235 2.197 0.696 
30.3 330 0.164 228 2.155 0.598 
34.2 292.6 0.161 259 2.126 0.604 
35.5 281.5 0.155 250 2.112 0.560 
39.4 254 0.147 221 2.125 0.447 
43.6 229.1 0.144 289 2.050 0.527 
52.1 191.7 0.140 285 2.079 0.435 
54.5 183.6 0.147 355 2.082 0.519 
61.3 163 0.140 339 2.076 0.440 
69.1 144.8 0.136 405 2.025 0.466 
84.2 118.8 0.134 457 2.034 0.432 
98.4 101.6 0.131 605 1.976 0.489 
103.6 96.5 0.136 696 1.985 0.534 
141.6 70.6 0.122 986 1.845 0.554 
175.7 56.9 0.095 1147 1.652 0.519 
Table I. Measured values of reflection R and absorption coefficient a, and 




Figure 1. Block diagram of t'7-,e FIR laser spectrometer: m, mirrors; G, 
grating; L., lens; SA, spectr= analyzer; PZT, piezoelectric transducer; 
C, chopper; D, detectors; BS, beamsplitters; FP, Fabry-Perot interferom-
eter; S, water sample; LI, lock.-in amplifier; RA, digital rationeter; FS, 
frequency stabilizer; SC, striochart recorder; OAD, opto-acoustic detec-
tor. 
Figure 2. Laser results for the absorption coefficient of liquid water 
at 25 °C. The symbols for the laser experimental points are slightly 
larger than the typical random errors. 
Figure 3. Laser results for the real part of the index of refraction of 
liquid water at 25 °C. The symbols for the laser experimental points 
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MEASUREMENT!: ;•F FAR INFRARED WATER VAPOR 
ABSORPTION BETWEEN LINES WITH AN OPTICALLY PUMPED LASER 
O. A. Simpson, R. A. Bohlander, J. J. Gallagher 
Engineering Experiment Station 
Georgia tustitute of Technology 
AtI.H;ta, Georgia 30332 
S. Perkowitz 
Department of Physics 
Lmory University 
Atlanta, Georgia 30322 
A tunable far-infrared optier; y pumped laser has been used to measure 
the absorption by equilibrium saml, les of water vapor at 25 °C in the line gaps 
between 8.17 and 103.6 cm-1 . The -xperimental results are compared with 
calculations of predicted absorption based on the line shape formula given by 
Cross. Excess absorption has been Found which is in reasonable agreement with 
other published data. New data arr presented for the region 60 to 105 cm
-1
. 




In the far infrared (FIR) or submillimeter spectral region water 
vapor is the dominant absorber in the atmosphere. Previous studies of 
water vapor, both in the laboratory and atmosphere have shown absorption 







This excess absorption has been attributed to errors in 
theoretical line shapes,
1 
to water dimers, 
2-7 
 and/or molecular aggregates 
or clusters.
8 
Considering the recent growth of atmospheric applications 
in the FIR-submillimeter region, the lack of a firm understanding of how 
radiation and water molecules interact only underscores the need for more 
hard data from controlled experiments. 
The present study is an initial effort to measure the absorption by 
equilibrium samples of water vapor of radiation from a tunable FIR optically 
pumped laser. 9 The use of a pumped FIR laser is a unique feature of our 
measurements. The high power of this device gives a signal-to-noise ratio 
which is superior to any other available broadband FIR source. 
Data are presented for various water vapor pressures at 25 °C for seven 
laser frequencies between 8.17 and 103.6 cm 1 . The frequencies chosen lie 
in the gaps between strong monomer lines as shown in Fig. 1 and were taken 
from the National Physical Laboratory table.
10 Only those frequencies well 
removed from line shoulders were chosen in order to minimize the error in 
predicted absorption due to uncertainty in the laser frequency. Although 
the family of discrete FIR laser lines does not provide continuous spectral 
coverage, there was no difficulty in finding lines which met this criteria. 
19 
Our measured absorptions are in excess of the theoretical values at 
each of the laser frequencies and at all pressures. The derived excess 
absorption agrees reasonably well with other published data obtained with 
Fourier spectrometers and HCN lasers and provides new information in the 
spectral region between 60 and 105 cm 1 . 
II. THEORETICAL AND EXPERIMENTAL METHODS 
The predicted absorption at each laser frequency was calculated using 
the line shape formula given by Gross
11, 12 
a(v) 















for the contribution of a line centered at wavenumber v
o 
to the absorption 
coefficient a at wavenumber v. Here 6 is the half-width at half maximum, S 
is the line intensity, and n is the absorbing medium number density. There 
is very little difference in choosing the Gross foimula over other commonly 
used line shape formulae (Van Vleck-Weisskopf, Lorentz, etc.). These are 
all based on instantaneous impact theory and give essentially idential results 
in the spectral region studied. The formula given by Van Vleck and Weisskopf 13 
does predict less absorption below 15 cm
-1
, but in this region excess absorp-
tion is large enough that the difference is not significant. 
The water line frequencies, intensities, and initial state energies for 
2 0 
the 346 lines used were taken from the AFGL
14 
table with self-broadening 
line width coefficients taken from calculations by Benedict and Kaplan 15 . 
The modification of line parameters for temperature and pressure was done 
as described by McClatchey with the exception of the temperature dependent 
exponent of the line widths, which were determined separately for each 
line from values of widths tabulated at two temperatures by Benedict and 
Kaplan. 
The measurements were made with an optically pumped waveguide type 
FIR laser spectrometer, which is shown in block diagram form in Fig. 2. 
This apparatus has been extensively described elsewhere 16 ' 17 ' 18 and only 
relevant details will be given here. The laser provides a large selection 
of individual FIR lines with a typical power of milliwatts CW in each line. 
The frequencies have been determined with great accuracy by various workers, 
but as a precaution against possible error in the published laser frequencies, 
a Fabry-Perot interferometer was used to measure and confirm each of the 
seven wavelengths. 
The water vapor was contained in a straight glass pipe absorption cell 
of length 3.44 m and diameter 10 cm. The ends of the cell had crystalline 
quartz windows offset 15 ° to the laser beam path. Initial measurements with 
the cell had resulted in much larger absorption than expected, which was 
determined to be due to interference effects. The offset of the windows was , 
helpful in eliminating these interference effects, as were several co-axial 
absorbing bellows placed at several points along the cell. Distilled water 
21 
was evaporated and introduced into the cell through a perforated tube 
running the cell length. When sufficient vapor had entered the cell, the 
system was closed and allowed to reach equilibrium at room temperature, 
25 + 1 ° C. The static vapor pressure was measured with a Baratron MKS 
capacitance manometer, which had an accuracy of +2%. 
To measure transmission the output from a Golay detector preceding 
the absorption cell was electronically divided into the output of another 
Golay detector following the cell. For each FIR laser frequency, several 
values of this ratio were determined for transmission through the cell 
evacuated and for various water vapor pressures. The resulting ratio of 
the two separately determined values then yielded the measured water vapor 
power transmission coefficient. This method has the important advantage 
of eliminating any fluctuations in the FIR power arising from laser 
instabilities. Measured values of the water vapor absorption at 43.649 cm -1 
are shown in Fig. 3 as an example, together with the predicted absorption 
based on the Gross line shape. 






G  ) / L 
where L is the pathlength, TM  11-1d T
G 
are the measured and theoretical 
transmission respectively. As shown in Fig. 4 for the frequency 43.649 cm
-1
, 
a straight line showing excess absorption depending on density squared fits 
the data within experimental undertainty. Such a relationship, determined by 
an error weighted least squares fit was found for each of the other laser 
22 
frequencies. This result was expected, since in both speed of sound 19 and 
calorimetric data20 the third and higher order virial terms have been 
reported to be negligible. The observed excess absorption, normalized to 
density squared, is shown in Fig. 5 for each of the laser frequencies. 
III. DISCUSSION 
In a study of molecular absorption one has to keep in mind the 
limitations of present line shape formulae that are based on the assumption 
of instantaneous collisions. Excluded from these, of course, are a wide 
range of possible molecular interactions. This particular weakness in theory 
introduces difficulties in interpreting new information; however, such 
formulae are widely used. Hence, calculations in the present study can be 
readily reproduced by other researchers. 
Our measurements of the excess absorption in the FIR spectral region 
by water vapor are in general agreement with other reported work, but we 
have observed a somewhat larger excess absorption at 50 cm -l . It should 
be noted that similar studies on water vapor with a HCN maser
2 
also 
resulted in slightly greater excess absorption that that from broadband 
FIR source measurements. In addition, there is new evidence of an unexpected 
decrease in the excess absorption at higher frequencies. These results are 
preliminary and more laser lines will be used to increase resolution in 
this frequency region. 
23 
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Figure la, b. 	Theoretical water vapor absorption based on the Gross 
line shape formula with laser frequencies in the gaps 
shown by arrows. 
Figure 2. Block diagram of the FIR laser spectrometer: m, mirrors; 
G, grating; L, lens; SA, spectrum analyzer; PZT piezo-
electric transducer; C, chopper; D, detectors; BS, beam-
splitters; FP, Fabry-Perot interferometer; S, water vapor 
sample; LI, lock-in amplifier; RA, digital ratiometer; 
FS, frequency stabilizer, SC, stripchart recorder; OAD, 
opto-acoustic detector. 
Figure 3. 	The measured water vapor absorption at 43.649 cm 1 . 
Theoretical absorption shown by X's for comparison. 
Figure 4. 	Density dependence of excess absorption at 43.649 cm 1 . 
Straight lines fitted by weighted least squares. 
Figure 5. 	Observed excess absorption coefficients divided by den- 




















10 	 20 	 30 























1 	1 	t 	L 	t 	i 	1 	 1  
60 70 80 






























































43.649 c m-1 
_ 
I 	 1 	 i  
0.5 1.0 1.5 
DENSII TY 2 (G2' cm-6 i 
31 
10 20 	30 40 	50 	60 	70 	80 90 100 
FREQUENCY (cm-1) 
i r I 1 I I I I 	I 	I I 
—x10 5 







I 	I, 	I i I 	1 	I 	r 	I 1 	I r 	I 	1 	I 	1 	I 	i 	I 	i 
7-- 
• 	 I 	 ' 
33 
DIGEST OF THE FOURTH INTERNATIONAL CONFERENCE ON 
INFRARED AND MILLIMETER WAVES, MIAMI BEACH, FLORIDA, 
10-15 DECEMBER, 1979 
FAR-INFRARED LASER SPECTROSCOPY OF WATER VAPOR AND LIQUID WATER* 
O. A. Simpson and S. Perkowitz 
Physics Department 
Emory University 
Atlanta, Georgia 30322 U.S.A. 
R. A. Bohlander and J. J. Gallagher 
Engineering Experiment Station 
Georgia Institute of Technology 
Atlanta, Georgia 30332 U.S.A. 
Introduction  
We have used a far infrared (FIR) optically 
pumped laser to measure both the reflection and 
transmission of liquid water and the absorption 
by water vapor of radiation in the spectral re-
gion betwen 8.22 and 175.7 cm-1 . The pumped 
laser is a unique feature of our measurements. 
The high power of this device gives a signal-to-
noise ratio which is superior to that available 
from broadband FIR sources. 
The optical data for liquid water were used 
to determine the complex refractive index 
n-ik [1]. Data for measured absorption by water 
vapor were compared with calculations of pre-
dicted absorption based on the line shape 
formula given by Gross. Our measured absorptions 
are in excess of the theoretical values at each 
of the laser frequencies and at all pressures. 
Experimental Methods and Results  
The FIR laser was of the waveguide type and 
has been described elsewhere [1-3]. A ratioing 
process using two detectors was helpful in 
eliminating any fluctuations in the FIR power 
arising from laser instabilities. 
Free surface measurements of the reflec-
tion coefficient R were made on distilled water 
at 25 + 1°C for near normal incidence with 
typical random errors under 1%. An adjustable 
pathlength cell was used to determine values of 
the liquid water transmission at increments of 
5 um to an accuracy of 1 in over an average 
change in pathlength of 60 um. The Lambert 
absorption coefficient a was determined at each 
laser frequency f by least squares fittings and 
used to calculate values of k = a/4irf. Each 
k with the appropriate R was used to determine 
n from the normal incidence relation. The 
results for n are shown in Fig. 1. 
Measurements of the absorption by water 
vapor were performed using a straight glass 
pipe absorption cell of length 3.44 m and 
diameter 10 cm. Distilled water was evaporated 
and introduced into the cell through a perfo-
rated tube running the cell length. To measure 
transmission the output from a Golay detector 
preceeding the absorption cell was electronically 
divided into the output of another Golay detec-
tor following the cell. The quotient of the two 
ratios for transmission through the evacuated 
cell and for various water vapor pressures yield-
ed the measured water vapor power transmission 
coefficient. 
The predicted absorption was calculated at 
each laser frequency using the line shape 
formula given by Gross [4,5]: 
ns 	4v2 c5  
	
K(v) - 7 [ ( v 2_,g)2 	4v242 1 
for the contribution of a line centered at 
frequency vo to the absorption coefficient K at 
frequency v. Here d is the half-width at half 
maximum, s is the line intensity, and n is the 
absorbing medium number density. The water line 
frequencies, intensities, and initial state 
energies were taken from the AFGL [6] table with 
self-broadening line width coefficients taken 
from calculations by Benedict and Kaplan [7]. 
The modification of line parameters for tempera-
ture and pressure was done as described in the 
AFGL table with the exception of the temperature 
dependent exponent of the line widths, which 
were determined separately for each line from 
values of width tabulated at two temperatures by 
Benedict and Kaplan. 
The excess absorption coefficient was 









measured and theoretical transmission respective-
ly. Measured values of the water vapor absorp-
tion at 43.649 cm-1 are shown in Fig. 2 as an 
example, together with the predicted absorption 
based on the Gross line shape. The observed 
excess absorption, normalized by the density 
squared is shown in Fig. 3 for each of the laser 
frequencies. 
Conclusions  
The FIR laser has made it possible to obtain 
highly precise data in liquid water. The liquid 
data cover a broader range than the results of 
Afsar [8], but agree well where they overlap. 
These two sets of laser data are the definitive 
FIR results on liquid water to date. 
The derived excess absorptions of water 
vapor extend the frequency range of other 
published data obtained with Fourier spectrom-
eters [9,10] and HCN lasers [10,11] and provide 
new information in the spectral region between 
60 and 105 cm-1 . 
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Fig. 1. Laser results for the real part of the 
index of refraction of liquid water at 25 °C. The 
symbols for the laser experimental points are 
slightly larger than the typical random errors. 
Fig. 3. Observed excess absorption coefficients 
divided by density squared for each laser 
frequency. 
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ABSTRACT 
Absorption by water vapor has been measured in wavenumber ranges from 
8 to 105 cm 1 and 300 to 600 cm 
1 . The excess over prediction with the Gross 
line shape has been compared with theoretical dimer absorption. The tempera-
ture dependence and over-all magnitude of excess absorption are in reasonable 
agreement with prediction for dimers, but the shape is different. The limita-
tions of the present theory of dimer absorption are discussed. 
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1. Introduction 
It is well-known that established line shape formulas based on an impact 
approximation are unable to predict molecular absorption in the wings of ab-
sorption lines. In the case of water, observed absorption has been found to 
exceed prediction in the gaps between lines from the microwave to the infrared 
regions of the spectrum. The desire for a better theoretical model has been 
spurred by interest in the propagation of radiation through water vapor in the 
atmosphere. 
To get an improved theory, of the shape of water vapor absorption lines, 
more detailed information about molecular interactions during collisions will 
be needed than is available at the present time. Since two water molecules 
can form a weak hydrogen bond, dimers have also been suggested (Viktorova and 
Zhevakin 1967, 1971, 1975) as another possible source of excess absorption. 
This paper reports studies of excess absorption in the laboratory in the 
wavenumber ranges 8 to 105 cm 
1 
and 300 to 600 cm 1 , and comparisons are made 
with a calculated theoretical spectrum of water dimers. This is in the 
nature of a progress report and is not-a definitive test of whether dimers 
are important since there are significant limitations in our understanding of 
dimer structure at normal temperatures. Many of the details of this study 
have been given in the thesis of Bohlander (1979) and further publications 
will follow. 
2. Excess Absorption--Definition  
One cannot measure excess absorption per se: it is the difference 
between observed absorption and prediction based on a line shape formula. 
Thus it is important to define carefully how the prediction is made. We 
have used the parameters for the frequency, intensity, and widths of lines 
given by McClatchey et al. (1973), Benedict and Kaplan (1963), Flaud, 
Camy-Peyret and co-workers (1976, 1977), and Toth and Margolis (1975). 
Commonly used line shape formulas are the Gross or kinetic line shape formula 
(Gross 1955), the Van Vleck-Weisskopf formula, and the modified Lorentz 
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formula (Van Vleck and We' - 3kopf 1945), and from these there is little to 
choose theoretically. They all invoke the key assumption that collisions are 
instantaneous. We have chosen the Gross formula. Numerical results with the 
formulas mentioned are negligibly different in the wavenumber range studied 
except with the Van Vleck-Weisskopf formula below 15 cm 1 . It predicts 
somewhat less absorption, but the conclusions of this paper would not be 
changed if this formula ha been used. 
Preliminary predictio s of the absorption spectrum were made including 
all the pure rotation bane -ines in the calculation. We then made shortened 
tables of lines from which nredictions in 50 cm 
1 intervals differed negligi- 
* 
bly from a full calculation. In this way typically 400 and no more than 700 
lines were needed at any given frequency for subsequent calculations, com- 
1 
pared with 2600 pure rotation lines below 700 cm in the complete tabulation 
we used. 
Some workers have use much more abbreviated lists of lines in their 
calculation of the pure ro_ltion line absorption (see eg. Burch 1968; Burch 
et al. 1974; Frenkel and Wood 1964; Gaut and Reifenstein 1971): they have 
selected only lines near the frequency of interest. Excess absorption in 
this case varies slowly with frequency and can be incorporated in an easy-to-
use empirical formula to predict absorption. However, in physical terms, 
these selections of lines are rather arbitrary and cause confusion when 
values of excess absorptic' are compared, since allowance must be made for the 
various omissions of absorption lines. Moreover, observations have shown 
that some of the empirical formulations have oversimplified the dependence 
of absorption on the water vapor density and temperature. We have determined 
these dependences from ob -, ervations and will consider them in relation to the 
dimer model. 
*The tolerance was 0.2 dB/km for a water vapor density of 26 g m
3 . 
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3. Theoretical Dimer Absorption 
We have made theoretical calculations of the absorption spectrum of dimers 
from existing information about their structure. A number of theoretical 
chemists have made molecular orbital calculations in order to find the hydrogen 
bond energy and the most stable structure, shown in Figure 1. Dill et al. 
(1975) give a useful review, and more recent work is described by Matsuoka 
et al. (1976). These predictions were found to be consistent with high res-
olution measurements (Dyke et al., 1977) of microwave transitions between 
rotation levels in the ground vibrational state of dimers in molecular beams. 
Therefore, the ground vibrational state appears to be well-understood in terms 
of the predicted lowest energy structure. 
Since the hydrogen bond is weak, the water dimer has low-lying vibration 
levels, and only four percent of the population is estimated to be in the 
ground vibrational state at normal temperatures. Thus it is an important 
question whether dimers retain approximately the lowest energy configuration 
at these temperatures. Using an empirical model of the potential energy be-
tween two water molecules, Owicki, Shipman and Scheraga (1975) have concluded 
that barriers to internal rotation are low. In this situation the orientations 
of the two water molecules in a dimer would not be well-confined to configura-
tions near the lowest energy one. We felt it was probably premature, and was 
in any case a difficult problem, to try to calculate a theoretical dimer spec-
trum that would take account of internal rotation. Rather we have calculated 
a theoretical spectrum for the more tractable case in which the dimer is assumed 
to undergo rigid rotation and small-amplitude harmonic vibration. Comparison 
with the spectrum of excess absorption in water vapor has been used as a test 
of this theory and as an indication whether there may be the need to consider 
internal rotation. 
The dieter's expected pure rotation band in the rigid rotor approximation 
comes at a low frequency because the dipole moment (2.6 D) measured by Dyke 
et al. (1977) was found to be nearly parallel to the line between the heavy 
oxygen atoms. The peak of the predicted band is at 16 cm 
-1 
(480 GHz) as shown 
in Figure 2. One might expect the spectrum to be almost that of a symmetric 
top with a rotation inertial constant of 0.2 cm 
1 and with only small pertur-
bations due to the light hydrogen atoms. Early calculations of the dimer 
spectrum were made on that basis (Viktorova and Zhevakin 1967, 1971, 1975; 
Electrons and nuclei were placed in fixed positions to reproduce the dipole 
moment of water and the structure of ice. 
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Braun and Leidecker 1974). However, molecular beam studies (Dyke et al. 1977) 
have shown a much more complicated spectrum below 1.6 cm 1(48 GHz). This is 
attributed to inversion tunnelling, but few assignments of the observed lines 
have been made. Therefore, we have not attempted to calculate rotational 
structure in detail and have used smoothed band contours. 
The remainder of the predicted absorption is assigned to six intermolecu-
lar vibration modes involving the hydrogen bond. We have calculated the normal 
intermolecular vibrational frequencies for the dimer from a recent molecular 
orbital study of intermolecular potential energy (Matsuoka et al., 1976). 
* * * 
Most of the modes involve partial rotation of the monomers within the dimer, 
and, since this causes large dipole moment oscillations, the predicted absorp-
tion intensity is large. Intensities were calculated with the assumption that 
the charge distribution remains fixed on the monomer units during vibra-
* * 
tions. 
In addition, we need to know the number density of dimers to be able to 
calculate their absorption in dB/km. Although dimers have been observed in 
molecular beams, we know nothing from this about equilibrium concentrations. 
These we have estimated in the usual way (see e.g. Bolander et al. 1969) from 
experimental values of the second virial coefficient (Goff and Gratch, 1946). 
Typical calculated dimer concentrations are of the order of a part in 1000 of 
the monomer concentration. Uncertainties in the theory on which these calcula-
tions are based will be discussed later. Dimer concentrations are propor-
tional to the square of the water vapor density, and their dependence on 
temperature is determined by the hydrogen bond energy. The best theoretical 
values of the latter are around .15 to .16 ev; the value estimated from the 
temperature dependence of the second virial coefficient is 0.12 eV (Bohlander, 
1979). 
*
There is fairly good agreement between the vibration force constants from 
this study and those from other recent molecular orbital studies (Curtiss and 
Pople 1975; Kistenmacher et al. 1974). 
** 
Values of the frequencies and intensities are also in reasonable agreement 
with those found by Owicki et al. (1975) using an empirical potential energy 
model. 
4. Observations in the Laboratory  
The spectral ranges that are most accessible to experimental study are in 
the wings of the monomer pure rotation band and include the predicted dimer 
pure rotation band and the predicted bands for hydrogen bond bending. 
We have studied water vapor without a foreign broadening gas since this 
would give the widest possible spectral ranges in which to search for dimer 
absorption. Uncertainties in the theory of collision broadening by a foreign 
gas are also avoided. 
We began the study using Fourier transform spectroscopy and wide-band 
radiation taken from Mercury lamp or glow bar sources. Helium-cooled bolo-
meters and Golay cell detectors were used. For the spectral ranges 12 to 50 
cm 
1 
and 300 to 600 cm 1 , White-type absorption cells provided path lengths 
between 20 and 200 meters. A selection of observed spectra is given in Fig-
ure 3. They represent one minus the ratio of spectra obtained with a sample 
and with a vacuum in the absorption cell. The dashed curves show expected 
monomer absorption. One can see that in the gaps between lines in these 
wavenumber ranges, excess absorption is a considerable fraction of the total. 
Whether the excess absorption was due to collisions between two molecules or 
due to dimers, it was expected that it would be proportional to the density 
squared, and this was found to be true within experimental certainty. 
Due to the presence of numerous strong monomer lines, one can get only a 
fragmentary picture of the excess absorption's spectral shape, as shown for 
the near millimeter region in Figure 4. Some results of Burch (1968) and 
Burroughs et al. (1969) are shown to be in good agreement. Measurements 
were also made by one of us (DLJ) with an HCN maser and are shown in the 
figure at 29.7 cm 1 . Some of these measurements were made with a large 
untuned cavity which Llewellyn-Jones will discuss elsewhere in these 
proceedings. He will also present further data in the range 2 to 15 cm 1 
obtained with this facility. 
At Georgia Tech and Emory University, two of us (0. A. S. and S. P.) 
have embarked on new measurements with an optically pumped laser described 
elsewhere (Bean and Perkowitz 1976, 1977). Preliminary results are shown 
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with solid circles. There is the potential for more precise measurements be-
cause of the power and stability of the laser, and, as shown, this is being 
used to extend the frequency range covered. The absorption cell is a straight 
pipe 3.4 m long designed to be used with a single pass through it. However, 
there has been difficulty in eliminating multiple passes arising from stray 
reflections. This has been largely corrected with baffles, but there is pos-
sibly a residual effect which may explain why these data show somewhat larger 
excess absorption at lower wavenumbers than previous data. 
The integral of the observed excess absorption shown in Figure 4 is about 
the same as that predicted by the dimer model, but the shape of the spectrum 
is different. This is also true for the higher wavenumber range studied 
(Figure 5). Here observed excess absorption is represented by a smooth curve 
that fits our data and that of Burch et al. (1974) within the experimental 
uncertainty. As previously noted by Roberts et al. (1976), this seems to 
have the form of an exponential decrease with frequency in the range 300 to 
600 cm 1 . Further discussion of the shape of excess absorption will be given, 
following consideration of the observed temperature dependence. 
Typical results in the low and high frequency regions are given in Figure 
6. The excess absorption data are plotted in this way to find the value of 
the energy E that characterizes the temperature dependence; this in turn can 
be compared with the estimated dimer energy of formation. The dotted lines 
show the temperature dependence of the predicted monomer component of the 
absorption. This is governed mainly by the Boltzmann distribution of the 
energy levels from which nearby absorption transitions arise; the slope 
therefore switches sign from one side of the monomer pure rotation band to 
the other. The temperature dependence of the excess absorption is more nearly 
uniform. Values of E given in Figure 7 are near the dimer energy of formation 
estimated from the temperature dependence of the second virial coefficient 
(Bolander et al. 1969; Bohlander, 1979). 
5. Discussion 
There are in general terms two possible ways of interpreting the dis-
crepancy between the shape of observed excess absorption and that of predicted 
dimer absorption: 
(1) Dimers at normal temperatures may have significantly different mean 
structures than they have at low temperatures, or 
(2) The contributions by dimers to the excess absorption may be less im-
portant than possible contributions by unbound molecular pairs, i.e., there 
may be additional collision broadening of monomer lines. 
Although hydrogen-bonded complexes are floppy species, it was not entirely 
unreasonable to try the assumption that water dimers vibrate harmonically with 
small amplitudes. Thomas (1975) has found vibration bands of the complex H 20-
HF which were easily recognizable despite some anharmonicity. Of course, H 20-
HF has a much higher binding energy than the water dimer (an energy of forma-
tion of - 0.3 eV instead of 0.12 eV), and this may mean that barriers to in-
ternal rotation are also higher. If water dimers have low barriers to internal 
rotation, this type of internal motion could be more important than vibration, 
and the mean dimer structure could be significantly different than it is at 
low temperatures. In studies of the more weakly bound van der Waals' complexes, 
examples have been found of vibrating species, of internally rotating species, 
and of intermediate cases (Ewing 1976). According to the theoretical study 
made of barriers of internal rotation by Owicki et al. (1975), mentioned earlier, 
there are five barriers and three of them have heights less than 100 cm 1 . 
Since 1/2 kT is of this order, it is likely that internal rotation is important 
at normal temperatures. Further exploration of the barriers with molecular 
orbital methods would be of interest. 
The other principal assumption we have made in calculating theoretical 
dimer absorption is that the second virial coefficient of water vapor is 
entirely due to the presence of diners, and on this assumption we have esti-
mated the concentration of diners. It is interesting that the excess absorp-
tion derived from observations is similar in magnitude to the predicted dimer 
absorption. However, the principle of spectroscopic stability can be applied 
here according to rules given by Gordon (1963), and one finds that any pair 
of water molecules, whether they are bound or unbound, will have about the 
same integrated absorption cross-section at frequencies in the far infrared 
(below the frequencies of the vibration bands of the monomer). It follows 
that we are not able to say from our measurements whether the second virial 
coefficient and the excess absorption are due to bound or unbound species. 
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Present theories discount the importance of unbound pairs at normal 
temperatures, but there are some simplifications made. For molecules with a 
spherically symmetric form of potential energy, Stogryn and Hirschfelder 
(1959) have shown that dimers are responsible for nearly all of the second 
virial coefficient when the dimer binding energy exceeds kT. In the case 
of water, the energy of dimer formation is more than 4kT, but it is not 
known whether the generalization of Stogryn and Hirschfelder can be extended 
to the case of molecules of low symmetry, such as water. Calculations of 
dimer concentrations may also be done from a knowledge of the intermolecular 
potential energy (Viktorova and Zhevakin 1971; Braun and Leidecker 1974; Lane 
1975; Lie and Clementi 1976: Bohlander 1979). While reasonable agreement 
with experimental values of the second virial coefficient have been obtained 
in recent calculations, much uncertainty remains about the reliability of 
the approximations made. Therefore, the possibility of a significant 
contribution by unbound pairs to excess absorption cannot be ruled out. 
6. Conclusions  
(1) We have found that excess absorption by water vapor is similar in 
magnitude to predicted dimer absorption and has a similar temperature 
dependence. 
(2) There are large discrepancies between the shape of excess absorp-
tion and that predicted for dimers. 
(3) Further theoretical work is needed on internal rotation in dimers 
and on the theoretical concentrations of dimers at normal temperatures. 
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Military systems applications at near-millimeter wavelengths 
J. J. Gallagher, R. W. McMillan and R. G. Shackelford 
Engineering Experiment Station, Georgia Institute of Technology 
Atlanta, Georgia 30332 
Abstract 
The near-millimeter wavelength region (3.2mm - 0.3mm) is being investigated for military 
systems applications during adverse weather and in the presence of smokes, dust and other 
particulate clouds. The use of near-millimeter wavelengths (NMMW) has advantages and dis- 
advantages relative to the use of the infrared and microwave regions. The atmosphere is a 
dominant factor in determining the operation of military systems in the NMMW region. 
Systems currently under consideration for NMMW applications include beam rider and command 
guidance, missile plume detectors, low-angle tracking radars, terminal homing systems, 
target acquisition radars, fuze systems, quasi-imaging radars and hybrid (IR/NMMW) systems. 
Recent NMMW technological developments 	g., sources, receivers, components, phenomenology 
and measurements) have been advancing ar a rapid pace to meet system needs. 
Introduction 
Weapon guidance systems operating in the visible/infrared spectral regions have been 
successfully developed for tactical use over a broad spectrum of engagement scenarios. 
These include direct systems employing beam riders, command guidance, semi-active and 
active guidance modes which have demonstrated effective operation in clear weather, but 
are inoperable in certain severe atmospheric conditions and in the presence of smokes, 
dust and other particulate clouds. Sincc molecular absorption in the atmosphere is low 
over broad spectral windows throughout the visible/infrared, the primary attenuation mode 
is Mie scattering by water droplets in haze and fog, and by particulates in smokes and 
other aerosols. 
On the other hand, the near-millimeter wavelength region is affected less by adverse 
weather, smokes, and aerosols than the visible/IR wavelength regions. Rain attenuation 
of NMM wavelength radiation is comparable to rain attenuation in the IR region. Because 
of its improved transmission under adverse environmental conditions, near-millimeter 
wavelengths are being considered for military applications. The NMMW spectral region will 
not prove to be an ideal operational region for all systems applications, but will, in 
several cases, provide a compromise adverse weather capability for limited range appli-
cations with resolution better than that of the microwave region. 
In recent years, millimeternd near-millimeter wave systems applications have been the 
subjects of workshops', reports 44 and study panelsi. This paper will draw upon material 
presented in these references, with the majority of information originating from the Harry 
Diamond Laboratories study 3 . A primary purpose of many of these investigations has been 
the identification of NMMW systems technology requirements, some of which will be briefly 
discussed following a summary of potential applications. 
Advantages and disadvantages of NMMW region  
The near-millimeter wavelength region has usually been dismissed in the past as a region 
of high attenuation, relative to the microwave region, and as a region of poor angular 
resolution relative to the visible/IR wavelength regions. However, several factors enter 
into the evaluation of the wavelength region which is chosen for operation of a particular 
system during adverse weather. It will be seen in the next section that transmission in 
adverse weather improves considerably in going from visible/IR wavelengths to NMM/MM 
wavelengths, and further improves at centimeter wavelengths. On the basis of this com-
parison, it would appear that centimeter or longer wavelengths would be the most appropriate 
for systems operation in adverse weather. Moreover, it has been shown that transmission 
through smokes and aerosols also follows a pattern of decreasing with increasing wavelength. 
Aimpoint accuracy requirements, however, tend to eliminate the centimeter wavelength region 
on the basis of a number of practical considerations. For example, the required accuracy 
for target tracking or target designation usually falls within the range of 0.1 to 0.5 mrad 
resulting in antenna dimensions of about 0.5 to 1 m for millimeter wavelengths and 5 to 10 
meters for centimeter wavelengths. This consideration alone rules out a centimeter wave-
length system for applications where the weapon system platform would be vehicle- or heli-
copter-mounted. Analysis of NMMW systems requires then that several factors be weighed 
in determining their potential in currently conceived tactical applications. Tables 1 - 4 
list advantages and disadvantages of the NMMW spectral region relative to microwave and 
54 
infrared wavelengths. Some of the listed advantages might be questioned; thus, whereas the 
best of RF and optical techniques can be combined at NMM wavelengths, this can also be 
considered a necessity because of the nature of the spectral region. On the other hand, 
disadvantages such as component deficiencies and lack of data will be reduced or removed 
as work progresses at NMM wavelengths. 
Whereas several of the NMMW disadvantages can be expected to diminish, the limiting 
factor for systems applications is the atmospheric effect, which cannot be avoided. The 
factor e-11 R, where a is the atmospheric attenuation and R is the weapon-target range, is 
present in all propagation expressions. In the analysis and discussions of NMMW systems, 
their performance is dominated by their capability to operate under various atmospheric 
conditions. Since the major role for NMMW tactical systems will be during inclement 
weather or in the presence of smoke, the characteristics of a NMMW system, when such con-
ditions prevail, are extremely important. 
Table 1. Advantages for NMMW Region Relative to Microwave Region 
1. Greater Resolution 
2. Smaller Beam Angle B B forGiven Antenna Diameter, D, and Conversely Smaller D for Given 
°B 
3. Reduced flultipath Potentially Improved Low-Angle Tracking 
4. Low Off-axis Detectability Providing High Security 
5. Covertness Due to Exponential Fall-off With Range in High Attenuation Regions 
6. Tracking Through Plumes Improved Over Microwave Systems 
7. Smaller Components Allowing More Compact On-board Missile Systems 
8. Clutter More Diffuse, Doppler Shift is Greater, Glint Should be Less 
9. Integration of Hybrid IR/NMMW Systems Possible 
10. Countermeasures More Difficult 
Table 2. Advantages for NMMW Region Relative to Optical Region  
1. Improved Transmission in Smoke and Fog, Providing Better Low Visibility Operation 
2. Harder to Jam; More Covert 
3. Improved Eye Safety 
4. Better Coherent Receiver Techniques 
5. Source Stabilization More Easily Performed 
6. Potentially Lower Cost 
7. Reduced Background 
8. Both RF and Optical Technology Applicable 
Table 3. Disadvantages for NMMW Region Relative to Microwave Region 
1. Poor Heavy Rain Transmission 
2. Atmospheric (clear) Absorption is Higher 
3. Larger Rain Backscatter 
4. Current Receiver Noise Figures are Poorer 
5. Higher Precision Manufacturing Required 
6. Solid State Source Efficiencies Fall as Frequency Squared 
7. Poorer Source Stability 
8. Inferior Waveguide Power Handling Capability 
9. Higher Cost for NMMW Systems 
Table 4. Disadvantages for NMMW Region Relative to Optical Region 
1. Lower Resolution 
2. Higher Glint 
3. Lack of Relevant Data 
4. Video Detection Less Sensitive 
5. Component Technology Currently Worse 
6. NMMW Laser Sources Less Efficient 
7. Solid State and Tube Sources Chirped, Less Monochromatic Than Optical Lasers 
8. Components Currently Larger and Heavier 
Atmospheric effects  
Whereas the NMMW region offers an advantage over optical systems during adverse weather, 
clear weather NMMW propagation suffers greater attenuation than experienced in the IR/ 
visible region, and is, in addition, for most systems restricted to spectral windows. The 
NMMW region has strong 02 and H2O absorption lines with water the major absorber. Between 
these broad lines lie the transmission windows. Figure 1 shows the horizontal attenuation 
across the NMMW region from 100 GHz to 1000 GHz at sea level and 4 km altitude 4 . Also 
shown is the weak 0 2 absorption at sea level. Because of the strong absorption at the 
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short wavelength end of this npectral region, tactical ground-to-ground or ground-to-air 
applications arc confined to the longer wavelength windows which are centered about the 
following wavelengths: 
Wavelength (mm)  Horizontal Attenuation (dB/km) 	Zenith Attenuation (dB)  
   
3 
	 0. -3 	 1.25 
	












Included in this listing are approximate horizontal attenuation (dB/km) for 5.91 g/m 3 
 of H2O at sea level and the zenith attenuation (dB) for 7.5 g/m3 of H2O at sea level. A
more comprehensive indication of he horizontal attenuation across the electromagnetic 
spectrum (3 cm - 0.3 um) is given in Figure 2. A clear air curve for H2O density of 
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Figure 1. Spectral plots of the attenuation by the (1962) U.S. Standard Atmosphere at sea 
level and 4 km altitude. The water vapor density is 5.91 g/m at sea level and 1.10 g/m 3 at 
4 km altitude. The lower curve represents 02 only at sea level. For comparison, the atten-
uation for this same model atmosphere is approximately 0.2 dB/km in the 10 micrometer window 
and less than 0.1 dB/km near 3.8 micrometers[4]. 
7.5 g/m 3 at 20°C shows the high attenuation in the submillimeter region surrounded by the 
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Figure 2. Attenuation by atmospheric gases, rain and fog[5]. 
advantage of NMMW systems during heavy fog and the comparable NMMW and IR attenuation during 
rain are demonstrated. A similar figure 6 , Figure 3, shown increasing attenuation for clouds 














tens applications. Near millimeter wave attenuation by aerosols is highly dependent on the 
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Figure 3. Summary of sea-level atmospheric attenuation[6]. 
type of aerosol and its particle size distribution and concentration. Table 5 shows the 
size range and concentration of water droplets in rain, fog and clouds. It can be seen from 
thiS table that the larger size range of rain droplets (7-700 um) would cause significant 
scattering losses at near millimeter wavelengths were its concentration not extremely low 
compared to the concentration of water droplets in fogs and clouds. For both rain and fog, 
the attenuation is an almost linear function of bulk water density with the frequency de-
pendence for attenuation in rain being negligible over the NMM spectral region from 94 to 
340 GHz. 
Table 5. Comparative Water Droplet Size and Density 
For Rain, Fog, and Clouds [8, 9, 10]  
Rain 








(r = 1 min /11 r) 
Moderate 
(r = 4 mm/hr) 
Heavy 
(r = 25 mm/hr) 
Cloudburst 
(r = 100 mm/hr) 
7 - 100 
350 
O. 04 
10 - 300 
500 
0.17 
10 - 500 
700 
1.0 











Thin (vis. - 300 m) Thick (vis. - 50 in) 
< 0.1 
2 x 10 10 
0.023 






Size Range (pm) 
Droplet Density (m -3 ) 
Water Density (g/m 3 ) 




8 - 12 
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2.5 








For aerosols resulting from smokes, dust or other battlefield-generated debris, the 
attenuation is primarily due to scattering, and secondarily to absorption. Preliminary 
indications 7 are that propagation through existing screening smokes is very high, and that 
the development of effective smokes for the NMMW region is questionable because of the 
difficulties involved with generating and dispensing smokes with the appropriate particle 
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plosions of munitions has been shown to be relatively high for short periods of time 7 . 
Although the attenuation cleared much faster for NMM waves than for the IR/optical bands, 
nevertheless, loss of NMMW track or acquisition of a target could occur during a barrage 
or critically placed explosion so that these effects must be considered in greater detail 
in the future. 
It is important at this point to demonstrate millimeter wave propagation under condi-
tions of high absolute humidity and high bulk water content, since these are the condi-
tions under which all military systems are expected to operate. Examples are given for 
the three cases: clear weather (high absolute humidity), rain and fog. 
Clear weather  
In high visibility conditions with a lack of precipitation and fog, the attenuation of 
near millimeter radiation in dB/km is directly proportional to absolute humidity. This 
linear relationship is shown in Figure 4 on a plot of temperature-humidity data which was 
abstracted from a psychrometric chart. Table 6 shows the two-way path loss for a range 
of 3 km at frequencies of 94, 140 and 220 GHz for various atmospheric conditions. Note 
that the attenuation of 220 GHz radiation is very high for warm, humid conditions although 
the total path loss is only 18 dB fl dB/km) for the standard atmosphere (T = 300°K, 
p = 7.5 g/m3 ). 
Figure 4. Atmospheric absorption by water vapor. 
Table 6. Two-Way Path Loss In dB For Atmospheric Attenuation Over A Range of 3 km 
05' , 1'= 40 	F 
Fr0(400nco 	(G11z) Itelotr.e 	Ilum1(111.., 30' 50', ' 30 o', 00'", 30,, 30', 00'", 
91 3.1 5.2 4.4 1.4 1.9 3.0 0.5 0,9 1.1 
140 13.2 21.9 35.4 5.7 9.3 1 5. 0 .7 3.3 0.2 
220 36.4 13.0 70.• 11.1 15.6 30,0 4.3 C.5 12.3 
- 50 KW 
= 10 KW 
= 5 KW 
a = 3 dB/km 
Clear Stand. Temp. and Press. 
Figure 5. Performance of a 
pulsed 230 GHz system on a 
warm, dry day. 
= I KW 
= 500W 
The impact of these attenuation figures on system design can be shown by solving the 
radar equation for a typical set of system parameters; the radar range equation is of 
the form 
P TG 2 A 2 a T 
S/N - 	P 
 (4103 11 4 KTN f LT
where Pp = peak power of the transmitter; T = pulse width of the transmitter (it 
has been assumed that the receiver bandwidth = 1/T); G = gain of the trans-
mitting/receiving antenna; A = free space wavelength; GT = radar cross sec-
tion of the target; R = range to target; K = Boltzmann's constant; Nf = noise 
figure of the receiver, and LT = total radar system loss (atmospheric & signal 
processing + waveguide and components). 
Assuming the following parameters: 
T = 200 nsec.; A = 1.3 mm (230 GHz); G = 47.6 dB (6" aperture with n = 0.5); 
uT = 50 m2 ; KT = 4.14 x 10 -21 (T = 300°K); L s = signal processing loss = 3 dB; 
Lw = waveguide and component loss = 8 dB; Nf = 12 dB. 
we may write 
(1) 
S/N(dB) = P T (dBW) -40 log R(km) - 2a(dB/km)R(km) + 15.2 
Figures 5 and 6 show S/N vs R for different values of PT for atmospheric conditions of T = 27 ° C and p = 7.5 
g/m3 (standard atmosphere) and T = 30 °C and p = 28 g/m3 (relative humidity 80%). For thesetwo cases, 
Table 7 shows the peak power versus range required for S/N = 14 dB (P d = 0.9, Pfa = 10-1 ). Note that for 
• large a, the S/N vs R curves are very steep, and only small changes in range occur for large changes in PT 
at a given S/N. With a maximum peak power of 10 kW, for example, the high visibility range will be limited 
to about 1.5 km on a warm humid day, and to about 3 km on a warm dry day. These calculations are for single 
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Figure 6. Performance of a 230 GHz pulsed system on a warm, humid day. 
Table 7. Required Power To Achieve S/N = 14 dB 
Warm, Dry 3 	
Warm, Humid 
T = 27°C, p = 7.5 g/m T = 30°C, p = 28.0 g/m 
 
Although the performance of a system operating in the 230 GHz window degrades rapidly 
in warm humid weather, in many parts of the world these conditions are present for only 
a small percentage of the time. An example is the climatological conditions of Western 
Europe. Figure 7 shows the attenuation for three near-millimeter frequencies based on 
the mean maximum daily temperature and relative humidity for Bayreuth, West Germany. 
These data predict that the mean attenuation during the summer months will be less than 
7 dB/km, and for this figure, a range of 2.0 km would be possible with a 10 kW pulse 
source. 
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Figure 7. Millimeter wave atmospheric absorption by water vapor - Bayreuth, West Germany. 
Rain. Although differences exist in predicted rain attenuation for the NMMW region 11  , most 
models predict the following relationships: 
a(dB/km) = Ar B , 	 (2) 
where A and B are constants for the frequency region 94 - 340 GHz, and r is the rain rate 
in millimeters per hour. Based on the available data, the relation 
a(dB/km) = r0.85 	 (3) 
provides a reasonably close fit throughout the NMMW spectrum. As might be expected, a warm 
rainy day will be a problem for a system at 220 GHz because of strong absorption by both 
water vapor and bulk water. For example at T = 26.7 ° C (80 °F), and r = 4 mm/hr. (a moderate 
rain rate), the attenuation is 11 dB/km (water vapor) plus 3 dB/km (rain) or 14 dB/km total. 
Figure 8 shows the S/N versus range at three power levels, and again it is evident that for 
a given value of S/N, large increases in power result in small increases in range. For 
this atmospheric condition, a peak power level of about 50 kW would be required for a range 
of 1.5 km at S/N = 14 dB whereas a range of about 1.2 km would be possible at the same 
value of S/N with only 5 kW peak power. An order of magnitude increase in power only re-
sults in about 0.3 km increase in range for this condition. 
Fog. Attenuation of NMMW radiation by fog is also dominated by bulk water absorption, 
although a slight frequency dependence is also present. A good fit to available fog 
attenuation data is provided by the expression 
a(dB/km) = 0.035 p(g/m 3 ) f' 03 (GHz) 	 (4) 
This relationship along with the optical visibility is shown in Figure 9. For a 30 meter 
visibility radiation fog, with liquid water content of 0.75 g/m 3 , the attenuation by water 
absorption at 230 GHz is approximately 9 dB/km. As shown in Figure 7, the mean maximum 
daily temperature of Bayreuth, West Germany during the winter months (the season of 
greatest incidence of fog) is about 0-4 ° C; therefore a reasonable fog scenario is 30-100 m 
visibility with temperature 0-4°C, for which the attenuation at 230 GHz would be approxi-
mately 4 dB/km to 11.5 dB/km. These conditions have been bracketed by the calculations 
presented in Figures 5 and 8. It is significant to point out that a 100 m visibility fog 
at T = 4°C (40 ° F) results in an attenuation of only 4.5 dB/km at 230 GHz compared with 
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Figure 8. Performance of 230 tilz 	 Figure 9. Millimeter Wave attenuation 
pulsed system in rain. 
A summary of atmospheric propa , ;ation data, convenient for system calculations, is 
given in Table 8. The majority of information presented thus far has dealt with atmo-
spheric effects appropriate to radar or communication applications. An equally important 
consideration is the influence of the atmosphere and environment on radiometric signals. 
When observing a target in its surroundings, it is important to know the brightness tem-
perature contrast between target and other objects. This contrast is a function of fre- 
quency, the atmosphere, and target and background characteristics (reflectivity, emissivity, 
etc.). The antenna temperature of a radiometer looking downward from altitude h at an 
angle 0 to the vertical is given by 
= f° TB 	
T(z)exp[-T(h,z, -:21(z)secOdz 
h 
+ R exp[-r(o,h,e)]f T(z)exp[ -T(z_,0,0)]t(z)secOdz 
+ (1-R)TE exP[ -T(0,h,? , ] 
where T is the temperature of the earth- or ground-based target and T( z)is the temperature 
of a st?atum of atmosphere of thickness dz located at altitude Z. The terms of the form 
T(Z i , Z 2 ,0) are the optical depths between altitudes Z 1  and Z 2 at angle 0, and R is the 







T = 32° F 	68° F 
p = 4.8 17.4 
Table 8. 	Summary Of Propagation Data 
Attenuation, a 	(dB/km4 
Water Density, 	p 	(g/mi ) 
a Fog 	 a Fog 
Radiative Fog Advection Fog 
Rv - 400m 	200 	100 	30 	400 	200 	100 
p - 0.014 	0.038 	0.11 	0.71 0.063 	0.18 	0.4 
a Rain 
mm/hr 
1 	4 	10 
1 80 500 
4 
10.6 0.3 1.2 7 20 58 373 17 63 140 1 2.6 	6 
337 50 185 0.6 1.5 4.3 28 2.5 7.1 15.8 1 3 	7 
724 10 37 0.3 0.9 2.6 17 1.0 4.3 9.6 1 3 	7 
880 7 24 0.3 0.7 2.0 14 1.2 3.5 7.9 1 3 	7 
1300 2 6 0.2 0.5 1.4 9 0.8 2.3 5.1 1 3 	7 
2300 1 3 0.1 0.2 0.6 4 0.4 1.0 2.2 1 3 	8 
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Notes: (1) fora CLEAR at other Rel. Hum., scale down from 100% 
	given 
(2) for a fog situation, TOTAL = a  CLEAR (RH = 100%) + a
F (likewise for clouds) 
(3) for a rain situation, (  a 	
RH ■ 100%) + (I 
TOTAL 	CLEAR 
,2 
r(Z i , Z 2 , 0) =j a(Z) sec 6.3Z 
Z1 
(6) 
so that the first term of Equation (5) is the contribution of the intervening atmosphere 
between the radiometer and target, the second term represents atmospheric emission re-
flActed fix:lathe target to the radiometer, and the third term is the target's emission atten-
uated by the atmosphere between the radiometer and target. The target or earth background 
reflectivity is given by R, the target (earth) temperature is TE and the atmospheric atten-
uation is a(Z,v). It is seen from these relations that not only atmospheric absorption 
by 02 and H 2O is important, but hydrometeorite absorption and scattering and atmospheric 
thermal emission are also determining factors for the radiometric antenna temperature, 
which is reduced further in value when the target fill factor for the antenna is less than 
one. 
Preissner 12 has shown the brightness temperature contrast for different weather con-
ditions and different materials for the microwave through NMMW spectral region. Figure 10 
demonstrates the brightness temperature contrast between vegetation and concrete for 
three different altitudes for a clear standard atmosphere (p H n = 7.5 g/m', T = 20 ° C and 
P = 760 mmHg at sea level). At all altitudes given, a detectable brightness temperature 
contrast exists, except possibly at 230 GHz for 3 km and 8 km, where the temperature con-
trast is on the order of 3-5 ° K and the minimum detectable temperature is approximately 
0.5-3 ° K for a 1 GHz bandwidth and a 10 msec time constant. Figure 11 shows the bright-
ness temperature contrast (concrete and vegetation) for a radiometer at 3 km altitude for 
several atmospheric conditions. Rain severely degrades NMMW radiometric response and fog 
of visibility of 100 m or less results in considerable loss of contrast. A more signif-
icant indication of radiometric capability to detect a military target is the brightness 
temperature contrast for metal relative to vegetation. Figures 12a and 12b show contrasts 
for metal, water and concrete relative to vegetation. For metal, detectable contrasts 
are observed for all conditions except the 25 mm/hr rain. It must be emphasized, however, 
that, for metal, reflectivity of 1 has been used and no fill factor reduction has been 
employed. Both conditions are unlikely. Systems applications require further consider- 
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Figure 10. Brightness temperature contrast 
between vegetation and concrete 
for three different heights[12], 
Figure 12a. Brightness temperature contrast 
for different objects, weather 
conditions and frequencies (11 
GHz, 140 GHz, 90 GHz)[12], 
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Figure 11. Brightness temperature contrast be-
tween vegetation and concrete for dif-
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Figure 12b. Brightness temperature contrast for 
different objects, weather conditions 
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ation of these effects with inclusion of antenna pattern and fill factor effects. 
Very little data exist for atmospheric turbulence in the NMMW region; fluctuation of 
integsity and signal angle of arrival for NMMW systems have been studied by Armand et 
al. 1 ' and by Snider, Wiltse and McMillan 14 . Based on the approach first proposed by 
Armand, the peak-to-peak intensity fluctuations expected for a 230 GHz system under near 
standard conditions were calculated to be 1.16 dB, and the corresponding angle-of-arrival 
fluctuations were determined to be 0.3 mrad. In practice, observed intensity fluctuations 
at lower frequencies have occasionally been observed to be much larger, and little data 
are available for the angular fluctuations. Much work needs to be done before the effects 
of turbulence on NMMW systems have understood, but the meager results available to date 
indicate that it gives system degradation of a magnitude which must be considered. 
The approximations discussed thus far demonstrate some of the atmospheric effects to 
be considered in systems trade-offs between the NMMW and IR/visible regions but do, in 
no way, describe the complexity that could occur at NMM wavelengths. Thus, when the 
limited experimental data for H 2O are compared with existing theories, the measured values 
in the window regions invariably exceed theoretical values. When measured values are com- 
pared with the monomer spectrum calculated with the Van Vleck-Weisskopf 15 or Gross 16 line-
shape, the inadequacy of the theory is evident from Figure 13 in which the dashed curve B 
represents an empirical "continuum" absorption which must be added to bring the theoretical 
results into coincidence with the experimental results 4 . The empirical correction term 
has been given in the form 17 : 
291 2.1 ( P 	 dB 
	
A a v = 4.69 x 10-6 p( T 	1000) 
2 ( 
 km ) 
	 (7) 
where p is the water density (g/m 3 ), 	is the atmospheric temperature, ° K, P is the pres- 
sure and vthe frequency. The discrepancy between measured and calculated water-vapor 
absorption closely follows this empirical correction term throughout the NMMW region. 
Various causes have been postulated for this excess or anomalous absorption, but, thus far, 
the source is not undestood. Great anomalies have been observed in high humidity, cold 
conditions and in fog'. Further experimentation is needed in this area of atmospheric 
effects. 
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Figure 13. Spectral plots of the attenuation by atmospheric H 2O at sea level. Curve A 
represents a combination of theoretical and experimental results for an H 2O 
density of 5.91 g/m 3 . At a fixed temperature and 1 atm total pressure, the 
attenuation is approximately proportional to the H 2O density. Curve B cor-
responds to an empirical continuum that is added to theoretical results to 
provide agreement with the experimental results. The transmittance scale on 
the right-hand side corresponds to a 1 km path[4]. 
Considerable space has been devoted in this paper to a discussion of atmospheric 
effects on propagation. However, it is just these effects which are the most important 
factors in determining the applicability of a particular military system in the NMM wave- 
length region. 
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Potential NMMW systems applications  
Several NMMW military applications have been investigated in recent years. Of these, 
some have not shown advantages over the equivalent system operating in another spectral 
region, whereas some have sufficient: promise to warrant initiation of experimental 
development of prototype systems. emong the potential systems applications which have 
been studied are the following 1-3 : 
1. Beamrider systems 
2. Terminal homing 
3. Target designation and semi-active homing 
4. Command guidance 
5. Target surveillance and acquisu- IDn 
6. Active NMMW quasi-imaging 
7. Low angle tracking 
8. IFF systems 
9. Airborne passive imaging 
10. Aircraft detection from satelli'es 
11. Boost phase plume detection 
12. Re-entry applications 
13. Secure communications 
14. Mine detection 
15. Obstacle and terrain avoidance 
16. Space object identification (Sr:- ) 
17. Fuzing 
18. Hybrid (IR/NMMW) systems 
The details of the investigation .)E most of these systems can be found in the references, 
and only a selected system, the NMMW beamrider, and brief statements on others will be dis-
cussed in this section. 
Beamrider 
A beamrider guidance system 19, 20, 21 is defined as a technique for.guiding missiles 
which utilizes a beam directed into space, such that the beam axis forms a line along which 
it is desired to direct a missile. The missile contains equipment that can sense the 
direction and magnitude of the errer when its oath has deviated from the center of the beam, 
and that can generate guidance erre ,- signals which cause the missile to return toward the 
center of the beam. In principle, a beamrider system can be employed in surface-to-surface, 
surface-to-air, air- to-air, and air - to-surface roles, although it is potentially more 
effective against slowly moving tarests. The basic elements of a beamrider system are the 
same for each of the roles but the s:ringency of the requirements placed on these elements 
will be determined by the particular applications. For the purposes of interest here, a 
surface-to-surface anti-armor role has been emphasized as an example of a credible appli-
cation of NMMW guidance. 
In the beamrider concept adopted as an example for this study, the target is acquired 
and tracked by a precision near millimeter wave (NMMW) radar with a conical scan antenna. 
The missile is launched toward the target along the conical scanning tracking beam, which 
is coded to provide information on the position of the missile relative to the scan axis 
which defines the line-of-sight (LOS) to the target. A receiver in the rear of the missile 
detects the scanning beam, decodes it to determine its position with respect to the scan 
axis, and generates the appropriate error signals to keep the missile in the center of the 
beam. In the conical scan mode, a relatively simple PRF coding scheme can be used to 
develop the required guidance error signals. 
Figure 14 shows the NMMW beamrider guidance concept. The first and second beams are the 
capture beams which establish line-of-sight (LOS) guidance as quickly as possible. The 
basic functions of the beamrider system are target acquisition, target track, missile 
capture and missile guidance. 




Figure 14. NMMW beamrider concept. 
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The basic system configuration considered to be most desirable for a ground-to-ground, 
anti-armor beamrider system requires that the entire system be a self-contained, crew-
served and vehicle-mounted package with an antenna aperture diameter less than one meter. 
The candidate missile would be of the TOW or SHILLELAGH generic class, and would be tube-
launched from the tracking/guidance platform. This concept would require an integrated 
target acquisition capability for performing target handover from a wide-area battlefield 
surveillance system, and for establishing an autonomous operating capability over a 
limited battlefield sector. The acquisition capability would of necessity require the 
development of suitable target recognition criteria based on the near millimeter wave 
target signature. 




Weather and Environ- 
mental Extremes 
Acquisition 
Missile Data Rate 
- Maximum: > 2 km; 	Minimum: < 0.5 km 
- Maximum: < 100 m 
- Rain: 4 mm/hr; Fog: 100 m vis. 
Temperature: 90 - 100°F; 
Relative Humidity: 80 - 100% 
Smoke: Battlefield-generated dust and 
aerosols; tactical screening agents 
- Search Sector: 5 ° x 25°, movable scan sector; 
Search Time: < 10 sec. 
- 50 Hz 
In addition to these characteristics, a NMMW system should also satisfy the general re-
quirements of high reliability and maintainability, compatibility with existing equipment, 
capability for CM hardening, minimum operator interaction and training, rapid fire capa-
bility, and high first round probability of kill. 
Based on these requirements, system concepts and estimated performance for a NMMW anti-
armor beamrider system have been addressed 21 . However, the paucity of essential data for 
target and terrain reflectivity and atmospheric propagation may result in an altering of 
the performance calculations when those data become available. 
The beamrider concept has been successfully implemented in the infrared, demonstrating 
good clear weather performance. Currently, there is an enthusiastic interest in the beam-
rider for the anti-armor application. The U. S. Army Ballistic Research Laboratory (BRL) 
has successfully carried out a feasibility demonstration ot beamrider tracking and guidance 
at 140 GHz 20 , and plans to repeat these experiments at 217 GHz. Efforts have also been 
initiated at U. S. Army MIRADCOM to define and verify a baseline beamrider missile system 
for anti-armor applications. 
The critical performance parameters of any beamrider system are related to (1) high 
accuracy centroid tracking of the target, (2) a temporal and spatial beam structure such 
that the missile guidance is not biased by the terrain effects, and (3) a method of 
capturing the missile at a range close enough to insure adequate damping of the missile's 
angular deviations from LOS at the closest tactical range of interest. 
The application of beamrider technology is most promising in the guided direct fire 
anti-tank role with the radar and launcher borne by a land vehicle. The system as pre-
sently envisioned requires a relatively large antenna (I , 0.6 m diameter), a precision 
tracking mount, and a dual beamwidth antenna configuration to accomplish missile capture. 
It is not feasible to consider a helicopter-borne weapon system at this time because of 
the size of the antenna/mount configuration; however, it may be possible to exploit optical 
scanning techniques which involve stabilization of scan components to obviate the require-
ment for a large precision tracking mount. The anti-helicopter role could be considered 
if the target exposure time is adequate to acquire and to accommodate the missile time-of-
flight. In the anti-aircraft role the end game maneuverability requirements on the missile 
would be severe for crossing targets or for targets performing high G maneuvers; however, 
such a system appears to be feasible. 
In considering why a beamrider system should be investigated as the initial concept for 
NMMW guidance feasibility rather than another scheme, the following factors are influential: 
(1) The guidance link is one-way, so that relatively simple video receivers are poten-
tially adequate for the missile link. 
(2) Beamrider guidance has been demonstrated at IR and optical wavelengths in opera-
tional situations so that it is not necessary to go through a concept demonstration phase. 
(3) Target cross section is high because the tracker looks at backscatter rather than 
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(4) Since only the low cost missile receiver is expended in firing, the cost per round 
could be significantly less than that for a missile employing an active seeker. 
(5) The missile is difficult to jam since the receiver looks back at friendly territory. 
(6) It is possible to implement a multiple wavelength system so that wavelength opti-
mization is possible for the acquisition, tracking and guidance functions. 
(7) The airframe could be optimized aerodynamically since there is no seeker to compli-
cate the warhead. Complexity of the on-board guidance and control is minimal. 
The NMMW beamrider system must perform several functions in sequence, with the capabi-
lity for continuity or rapid handover from one function to the next. This system must be 
capable of searching for and acquiring a target over a limited field-of-view (FOV), 
followed by the target tracking and missile guidance. Handover from the tracking to gui-
dance modes must include a missile capture phase during which the missile is launched 
toward the target and LOS guidance along the tracking radar beam is established. For 
simplicity, it is desirable that one system at a single wavelength perform the entire 
beamrider operation; however, because of the complexity of these multiple operations 
(target acquisition, tracking, missile capture and guidance), the optimum configuration 
might require a multi-wavelength system. 
Several approaches for implementation of the beamrider system have been investigated 21 . 
Performance in inclement weather is the most important consideration for a NMMW beamrider. 
For 94 GHz, 140 GHz and 220 GHz, an example of the transmitter power requirement for 
target acquisition as a function of range for rain rates of 4 and 16 mm/hr on a warm day 
is given in Figure 15. The following parameters are used in the calculations for source 
power: 
X (m) 
GT  (dia. = 0.6 m; n =  
a T (m
2  ) 
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Figure 15. Power required for target acquisition on a warm day with moderate to heavy rain. 
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Trade-offs between search time, PRF, and antenna beamwidth must be considered in de-
signing a beamrider system. If a separate acquisition system is employed, the required 
S/N for tracking will be considerably improved by the integration of additional pulses 
during the tracking interval which is long with respect to the acquisition target dwell 
time. 
The curves of Figure 15 show that only the 94 GHz system is capable of a range of 3 km 
with a power of 1 kW in moderate rainfall. The transmitter power requirements for missile 
guidance are not as severe as those required for acquisition and tracking because the 
guidance link is a one-way path. It has been shown- that power levels required for acqui-
sition are more than adequate for guidance. 
For a five year projection of system performance, it would seem reasonable to anticipate 
improved noise figures and decreased RF losses at 140 and 220 GHz. These projections of 
improved performance are listed below: 
Frequency (GHz) State-of-the-art 	 5 Year Projection 
   
LRF 	NEP 	Nf 	LRF 	NEP 	Nf 
140 	 4 dB 1.6 x 10 -12 7 dB 3 dB 	10-12 6 dB 
220 	 8 dB 	5 x 10 -12 15 dB 	3 dB 	10
-12 
6 dB 
The reason for projecting the same parameters for both frequencies is that quasi-optical 
components should show very little frequency dependence over the range, and the cutoff 
frequency of Schottky barrier mixers is presently about 3000 GHz. 
Target acquisition, guidance with video detection and tracking have been calculated with 
the projected parameters. For tracking, it is assumed that the tracking error is 
a 	CEP 
m V3R 
and a pulse integration gain of 17 dB is also assumed. 
The projected performance levels for acquisition and tracking are shown in Figures 16 
and 17 for each of the frequencies and a 1 kW source. Corresponding curves for guidance 
were not plotted because power adequate for the other two functions is more than adequate 
for guidance. These curves show some improvement over those of Figure 15; in particular, 
they show that it is possible to achieve tracking and guidance at a range of 3 km under 
more stringent conditions than before. 
The calculations in the study show that, neglecting angle error due to multipath and 
glint, 94 GHz is the best frequency for a multifunctional tracking, acquisition and beam-
rider guidance system using state-of-the-art performance parameters. For a system domi-
nated by multipath effects, either 140 or 220 GHz appears to be the preferred choice for 
operating frequency; whereas, without the presence of multipath effects, 94 GHz is a better 
choice for development of first generation millimeter guidance systems. This result is to 
be expected for performance dominated by propagation effects, since the absorption due to 
water vapor is much higher at 140 and 220 GHz than at 94 GHz. On the other hand, it would 
seem that tracking accuracy would favor 140 or 220 GHz in view of the reduced beam diver-
gence at shorter wavelengths. For a conscan tracker, the tracking error due to thermal 
noise is ti 013/1■1, and the Vs771 decreases faster than B 13 as the wavelength goes to 2.14 mm 
(140 GHz) and 1.36 mm (220 GHz) due to the increase in mixer noise figure and atmospheric 
attenuation coefficients at the shorter wavelengths. Even for projections based on extrapo-
lation of available source power and improved performance of quasi-optical components, the 
94 GHz window is still slightly preferable in terms of tracking accuracy for a system in 
which multipath is not a consideration. 
On the other hand, if the multipath model adopted is valid, there are indications that 
94 GHz will not provide adequate angle tracking error over typical types expected to be 
encountered in tactical operations in adverse environments. If the trend of these calcu-
lations is consistent with projected performance from realistic terrain models, operation 
at 220 GHz may also be necessary to insure an adequate accuracy for missile impact over 
the desired clear weather range of 3 km. If this is the case, a reduced low visibility 
operating range will be incurred. Thus, among the trade-offs to be considered will be 
that of adequate clear weather operation against maximum range of low visibility operation. 
A 94 GHz system, for example, might perform reasonably well over a 1.5 - 2 km range interval 
in a wide range of adverse meteorological and terrain conditions, whereas a 220 GHz system 
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Figure 17. Projected performance levels 
for tracking under different 
weather conditions. The con-
ditions are the same as those 
given in Figure 16. 
weather range to < 1.5 km. 
Figure 16. Projected performance levels for 
acquisition under different weather 
conditions for a 1 kW source. The 
conditions are: moderate rain 
4 mm/hr, 80°F; heavy fg, 30 m 
visibility, 40 ° F. 
Preliminary system studies hav, shown that millimeter guidance systems offer a poten-
tially significant improvement in penetration of adverse environments which limit the 
visibility of electro-optical guidance systems. Further, there is the potential for im-
proved accuracy with adequate penetration under adverse environmental conditions when com-
pared to guidance systems operating in the microwave frequency band. 
The state-of-the-art will currently support the development of operational breadboard 
beamrider or command guidance systems at 94 or 140 GHz. One such breadboard system has 
been developed at BRL20 , and tests performed at both BRL and MIRADCOM on tracking and 
guidance link operational simulations were found to be supportive of this millimeter 
guidance concept. MIRADCOM is also supporting several contractor-developed millimeter 
guidance systems which will involve development and testing of both differential guidance 
and beamrider concepts. As a part of these efforts, the evolutionary development of cri-
tical subsystems such as the tracking radar and guidance link will provide a means for 
performing operational tests to determine multipath effects, measure target signatures, 
and assess various schemes which have been proposed for missile capture; however, a very 
significant concern is the development of an appropriate target acquisition concept for 
an autonomous millimeter guidance system, and this and other critical technology issues 
are addressed in Table 9. 
A basic deficiency in the current millimeter technology base is the lack of measured 
target, terrain and atmospheric data. Without these data, accurate quantitative estimates 
of system performance in realistic tactical environments cannot be made with any degree 
of confidence. Thus, the development of millimeter measurement systems operating in the 
windows at 94, 140 and 220 GHz is a critical step in establishing their operational limi-
tations in terms of meteorological conditions and reduced visibility situations resulting 
from smokes and other battlefield-generated aerosols. The acquisition of these data should 
be a major part of a program to develop millimeter guidance systems. 
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Limits tracking accuracy; Degrades beam/ 
guidance 
Potential of improved tracking vs X; source 
and detector performance dependence; multi-
path dependence; optimum search/acquisition 
wavelength 
Reduce angle error and signal loss 
Prime system function 
Required for initiation of missile guidance 
Required for missile receiver 
Required for low loss system 
High Power Stable Sources Required 
Need to provide high accuracy target 
coordinates and maintain good pointing 
accuracy 
Information required for enhancement of 
target-to-clutter signals 
RESOURCES SEEDED 
mm A radar/optical tracker; field problems -
frequency and terrain dependence 
Transmitter/receivers; accurate propaga-
tion measurements in smoke, rain, fog 
and high humidity; supporting meteorological 
measurements 
Transmitters/receivers; Signal Processing; 
Pulse-to-Pulse target reflectivity data; 
function of target aspect 
Coherent system measurements to feed 
computer simulation to determine signal 
processing required, e.g. MTI, vibrational 
signatures, and 
Determine required beam profile vs range 
for capture; near field measurement; deter-
mine concepts for multifunctional capture/ 
track/guidance 
Trade-off video/superheterodyne for missile 
receivers; test diodes under shock, simulated 
flight conditions 
Quasi-Optical approach - circulators, 
isolators, modulators, antenna conscan 
schemes,diplexers, rotary joints, mixers, 
local oscillators 
EIO's vs Impatts; develop stability 
techniques; chirp techniques; gyrotrons -
long term source 
High precision tracking radar-spread spectrum 	. 
techniques for decorrelation of target 
scatterers; coherent, frequency agile system 
Measurements of WM clutter characteristics 
terrain masking effects; establish dis-
crimination schemes 
Comments on other systems applications  
The above discussion of the beamrider indicates some of the factors which can influ-
ence the design and operation of a NMMW system. The same type of considerations must be 
made for other potential NMMW systems. Only brief comments can be made here on some of 
these systems. 
Target designator and semi-active seekers  
Target designators have been successfully operated at 1.06 um in clear atmosphere. 
However, during adverse propagation conditions (mainly fog and smoke), the IR designators 
are ineffective. The existing IR systems, operating at 1.06 um, have the advantage of 
having all laser power incident upon the target. This is important since the reflectivity 
of terrain and vegetation exceeds that of the target at 1.06 pm. For NMM wavelengths, two 
techniques have been investigated[3]: the case in which the target fills the beam and the 
more general case for long wavelengths in which the beam size exceeds the target dimen-
sions. Because target reflectivity is expected to exceed background reflectivity, a 
largest pulse logic is postulated for designation of the target in clutter. 
Command guidance  
The application of NMMW command guidance to anti-helicopter or anti-aircraft missions 
appears to be feasible. Command guidance is also applicable in a ground-to-ground anti-
armor role, but no clear advantage over Beamrider guidance is evident at this time. The 
technology barriers associated with this guidance concept are similar to those for the 
Beamrider, and the general conclusions reached for the beamrider guidance concept apply 
to command guidance. The state-of-the-art can support breadboard system development at 
94 and 140 GHz, and additionally, the window at 220 GHz appears to be applicable if source 
development evolves as projected by current technology. 
Target surveillance and acquisition  
For the successful operation of battlefield NMMW systems, it is important that target 
acquisition and surveillance techniques be applicable to NMMW systems. This would provide 
autonomous operation. For the optimum weapon system, several combinations of different 
wavelength sub-systems must be evaluated to obtain the optimum combination of surveillance, 
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acquisition, and guidance. Among the systems that have been identified as potential NMMW 
applications are: 
battlefield ground-to-ground target acquisition; 
airborne surveillance by RPV radars of land-based targets; 
long-range surveillance and target acquisition; 
target acquisition for NMMW airborne missile seeker systems; 
horizon search radars; 
shipboard surveillance radars; 
track-while-scan systems for short-range self-defense systems 
(point defense); 
restricted scan target acquisition for missile systems. 
A large number of equipment and technique developments are necessary to ascertain the 
applicability of rpul waves. Techniques for search, recognition and classification have 
been identified [3] but more detailed investigations are needed to implement these tech-
niques. Greater transmitter power, improved receiver sensitivity, new low-loss components 
and light-weight rapid-scan antennas are necessary. Source stability for coherent oper-
ation must be greatly improved. For implementation of the recognition/classification 
techniques, target characteristics, clutter effects and atmospheric effects are among the 
phenomenology that must be thoroughly documented. 
Boost phase plume detection  
Calculations have been performed to determine the feasibility of detecting missile 
plumes during the boost phase of the vehicle [22]. In the altitude regime of 30-100 km, 
it has been shown that, for a solid propellant system, molecular species, e. g. H 2O and 
H Cl, emit to permit radiometric detection from aircraft or satellites. Airborne radio- 
metric observations are required to confirm predictions. The necessary passive technology 
is developing but must be extended to wavelengths as short as -350 pin. Independent 
analysis of the bus stage indicate that spectral line opacity is sufficiently high to be 
detectable in occultation against the earth's radiation. 
Conclusions 
From the studies which have been performed, it can be concluded that the NMMW region 
offers a compromise for good resolution under adverse propagation conditions. Most sys-
tems, which have been investigated, profit from the narrow antenna beams available at NMM 
wavelengths, but are limited by atmospheric conditions. In some cases, the range limita-
tions imposed by the atmosphere serve as an advantage for convert operation. 
In order to utilize the NMMW spectral region properly, considerable technology must 
be developed. High-power sources, low loss components, precision antennas, sensitive 
receivers and stable local oscillators are :Priority devices to allow systems operations 
to be performed at '7.7T wavelengths. For man' systems, highly coherent transmitters are 
required. This necessitates development of ?hase-locking and injection-locking technology 
for high-power sources. A driving force in extending military operation to NMM wavelengths 
is the prospect of small-size systems where space and antenna apertures are limited. Low 
cost, which is not a current characteristic of NMMW components, is expected to be an ulti-
mate achievable goal. 
One cannot expect to achieve everything that a system demands by employing NMM waves, 
and those working in tie field are not doing this. 	Phenomenology in the form of atmos- 
pheric, terrain/cluttem, target, and materiels characteristics must be thoroughly developed 
for comparison with operation at other wavelengths. Thus far, studies have estimated 
certain characteristics and projected reasonable operational parameters for devices. From 
the considerations that have been made, oPtmum operation can be expected from hybrid 
IR/NMMW systems which will utilize the best a.`_ both spectral regions. 
This work has been sponsored in part 137 the Harry Diamond Laboratories through the 
Army Research Office Contract No. DAAG29-77-C-1326. 
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